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SUMMABY
With the increasingly stringent specifications for 
materials of technological importance, interest has grown 
in the properties of the "Refractory Hard Metals."
The work described in this thesis is concerned with the 
stability of titanium diboride and zirconium diboride. The 
resistance to oxidation of compacted samples has been studied 
over the temperature range 650-1050°C and pressure of oxygen 
ranging from atmospheric to 200 mm Hg. Total pressures of 
oxygen were used throughout. Powder samples of titanium 
diboride were also examined.
Both gravimetric and volumetric techniques have been 
used to follow the oxidations, and the suitability of each 
is discussed bearing in mind the v^Ldtility of boric oxide.
The temperature and pressure dependence of the parabolic 
reaction rate constants have been obtained for the compacted 
boride samples. For the powder samples, however, quantitative 
results have little validity owing to the undetermined 
variation of surface area during oxidation. Values for the 
energy of activation of the reactions have been calculated 
and the results compared with others reported in this field.
-7-
Fron the data obtained, and by comparisons with 
simpler known systems, an attempt has been made to elucidate 
possible oxidation mechanisms. Lack of data on diffusion 
coefficients or activation energies of diffusion has 
hindered the precise interpretation of the results.
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S E C T I O N  1
INTSODJCT ION
Titanium, zirconium and hafnium are Group IV transition
2 2 2 2elements with four valency electrons, respectively 3d 4s , 4d 5s , 
? 25cT6s « Titanium is the first member of the d-block transition 
series and occurs in five oxidation states -I, 0, II, III, IV.
Titanium IV, however, is the most stable and the others are quite
. . .  IV .readi iy oxidised to Ti by air, water or other reagents. The
4+
energy of removal of four electronqns is high, and Ti ion daesr
IVnet have a real existence as Ti compounds are generally covalent
IVin nature. It is characteristic of the Ti compounds, e.g. 
TiCl^, to undergo hydrolysis to give species with Ti-0 bonds.
Zirconium and hafnium are in the second and third transition 
series, but because of the lanthanide contraction making their 
radii almost identical, the chemical behaviour of the two elements 
is extremely similar. The most important difference from 
titanium is that lower oxidation states are of minor importance 
and there are few authenticated compounds other than in the 
tetravalent state. Increased size makes the oxides more basic 
than those of titanium.
These elements, however, have many similarities. One of 
these is the difficulty of obtaining the metal in a pure state.
The common method of reduction of the oxide with carbon is useless 
and the metals are most conveniently obtained in a very pure state
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by pyrolysis of the corresponding metal halide vapours on a tantalum 
filament. Although these metals are noted for their stability at 
ordinary temperatures (e.g. resistance to acids, alkalis and 
corrosion in general), at elevated temperatures they possess a 
marked tendency to combine directly with non-metals, particularly 
those framed in the first two periods of the Periodic Table.
H He
Li Be | B C N 0 | P Ne
Na Mg Alj'Si P j S Cl A
The resulting compounds, which are common to all transition 
elements, are the oxides, nitrides, carbides, borides, silicides 
and phosphides. Some important compounds of titanium, zirconium 
and hafnium are listed below.
BO HIDES 
(TiB) 
TiB2
CARBIDES 
TiC.1.0-0*!
ZrB
ZrB'
HfB
ZrC
12
SILICIDES
NITRIDES OXIDES
TiN TiO
Ti0„
Z r°2ZrN
HfN
PHOSPHIDES
Hf02
Ti Si Zr-Si HfpSi
Ti^Si- Zr^Si Hf,Sin5 3 2 3 2
TiSi Zr Si HfSi
TiSi0 Zr;?Si;: HfSin 
2 6 5 2
ZrSi
ZrSi„
Ti_P
Ti P 
5 3
TiP
ZrP HfP
-li­
lt mast Tbe pointed oat that there is considerable scope for 
non-stoichiometry in these compounds and defect struetares often 
occur in either the non-metal or the metal lattice*
The compounds listed, with the exception of oxides, are 
generally' known as “Refractory Hard Metals11. This title, of 
coarse, follows directly from their properties, namely very high 
melting points, hardness, electrical conductivity, oxidation 
resistance and general lack of chemical reactivity.
Thermodynamic Bata.
The themodynamic data on refractory compounds is sparse 
due to experimental difficulties, but the stability of some, as 
indicated by the heat of formation, can be compared. The 
highest heats of formation ci ]  are attained by titanium and 
vanadium compounds with a decline across the transition metal 
series Cr, Mn, Fe, Co, Mi.
Pig. 1.
80
-AH
Kcal/nole
Ca Ti V Cr Mn Fe Co Mi
This gradation in property also occurs with the second and 
third transition series, and is more pronounced. Thermodynamic 
data so far available, however,, indicates only a marginal decrease 
in stability in the sequence borides, nitrides, carbides, 
silicides and phosphides.
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N B2 C Si P o2
AHf Ti -6? -73 -54 - - -218
Kcal/Mole Zr -73 -32 -45 - - . -2 5 2
Hf -74 - - - - -271
At high temperatures borides are definitely more i
nitrides. Melting points follow a similar pattern.
N B2 C Si2 P °2
°C Ti 2940 2980 2140 1540 1825
Zr 2955 3040 3350 - 2677
Hf 3310 3250 3890 — — 2777
It must be mentioned that considerable variations occur for 
values quoted in the literature, and data on silicides and phos­
phides is particularly scarce.
Hardness..
’’Refractory Metals” are very hard, falling between corundum 
and diamond which are respectively 8 and 10 on Mob’s scale. A 
more quantitative measure of hardness is the Vickers Pyramidal 
Hardness (V.P.N.) and some relevant values are given in Pig, 2.
Pig. 2. JHPPRO XXKATE HARDNESS VALUES (VICKERS) 
5000
4000
MICEOHARDNESS
Eg/nm^
DIB0R1RES
TiB2 3350
E£B2 2900 
ZrBZ 2250
I
BISILICIDES
1000 * MONGPEQ SPH1DE8
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The-se values can be put into perspective when one bears in 
mind that diamond is of the order of 8500? tungsten carbide 2500 
and tool steel 800. Even these figures have to be treated with 
some reserve as the accuracy of the Vickers method varies 
according to load and rate of application.
Hardness decreases with increase in temperature as show 
in Fig. 3.
Fig. 3. MICR0HAMMESS AS A FUNCTION OF TMiPERATUHE 
4000 -
MICROKAmjESS 3000 -
2
%A*> . 2000 .
200 400 600 °C 800 °C
TEMPERATURE
It can be noticed that TiBg retains much of its hardness, 
and incidentally also its strength. In fact TiBg is one of the 
strongest metals known in the 1600-2000°C range. Impact strengths 
for the "Refractory Metals", however, are rather low and this 
associated with great hardness gives rise to considerable problems 
in their technological applications.
Thermal conductivities of the oxides are low and lienee they 
possess poor thermal shock resistance. Carbides, borides and 
silicides have a much higher thermal conductivity, and so are 
superior to oxide ceramics where rapid temperature changes are 
experienced, e.g. space flight and rocket technology. In such
TiB.
extreme environments resistance to abrasion by high velocity gas 
flow is an important factor*
Electrical Properties.
Within the broad classification that the resistivity at room
temperature, in micro ohms per cm, of insulators is of the order 
20of 1 x 10 , semiconductors and metallic conductors 1 .5 micro
ohn/cn for Ag to 107 micro ohm/cm for Bi, most of the "Refractory 
Hard Metals" would be classed as conductors. Their resistivity 
lies mainly within the range 6-200 micro ohms and some actual 
figures are given in the table.
TiC 193 TiB2 12 TiN 130 TiSi2 123
ZrC 70 ZrBg 8 ZrW 136 ZrSig 161
HfC 109 Hf32 11 HfN - H fS i2 -
The temperature coefficient, as with metals, is positive.
Some of the nonophosphides are metallic conductors, but most of
the phosphorus-rich phosphides are certainly semiconductors with
negative temperature coefficient. Similarly boron-rich borides
and hexaborides of alkaline earth metals are semiconductors, e.g.
6CaB^ , 0 .1 x 10 , and also the silicides, e.g. CagSi, BaSig*
The high electrical conductivity of the transition metal 
diborides combined with their great hardness makes then suitable 
for electrical contacts, particularly of the sliding type. The 
greater resistivity, coupled with negative temperature coefficient 
of alkaline earth hexaborides and other boron-rich borides provide 
semiconductor possibilities. Special mention can be made of 
Lanthanum Hexaboride LaB^, which has a very low work function and 
possesses the highest electronic emissivity of any known substance 
This, together with its low vapour pressure and stability in air,
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nakes it a suitable cathode material in devices where high current 
densities are required or discountable systems are desirable.
Chemical JLiLiQ activity.
Interstitial carbides, nitrides, borides, silicides and 
phosphides are chemically very inert. They are not attacked 
by dilute acids and bases, and many remain unaffected by hot, 
concentrated mineral acids [2].
Borides, bov/ever, are susceptible to attack under oxidising 
conditions, and are slowly attacked by nitric acid and hot, 
concentrated sulphuric acid. The reactivity depends strongly 
on the purity and state of subdivision of the sample.
All are decomposed by fusion with alkalis, particularly 
with molten oxidising agents such as peroxides, nitrates and 
chlorates. With some borides the decomposition is violent.
Decomposition generally can also be effected by reacting 
the heated "Refractory Metal" in a chlorine atmosphere. With 
borides, fluorine reacts very vigorously and frequently with 
incandescence; the other halogens however, are much less reactive 
and reactivity decreases markedly down the series. Both chlorine 
and bromine have been used to obtain soluble products for analy­
tical purposes.
Although readily decomposed by molten alkali, borides are 
resistant to attack by molten non-ferrous metals which do not 
form borides readily. For instance, TiBg and ZrBg are resistant 
to molten Al, Cu, Mg, Sn, Bi, Zn and Pb. This has led to their 
use as crucibles or vaporizing beats for the vacuum evaporation 
of these metals and as coatings for thermocouple sheaths, pump 
impellers etc., where resistance to molten metals and slags is 
required. A special case is the use of bars of TiBg as cathodes 
in the Hali-Herou.lt type of cell for the electrolytic production
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of aluminium; Ti.Bg cathodes are superior to the normal carbon 
because of improved corrosion properties, electrical conductivity 
and mechanical strength.
Similarly the marked resistance to corrosion of phosphides 
and silicides of the iron group of metals suggests that they may 
be suitable materials for electrodes in strongly acidic or basic 
electrolytes.
Oxidation Resistance.
It is well know that the "Refractory Hard Metals" are 
resistant to oxidation at high temperatures. The resistance is 
due mainly to the formation of a protective surface layer which 
usually reduces the rate of combination of oxygen and netal by . 
restricted diffusion of one or all of the components through the 
surface layer. Thus molybdenum disilicide for example, is stable 
in air up to about 170Q°C owing to the formation of a protective 
surface layer of silica or silicate; this property, combined 
with a moderate electrical resistance, makes it useful as a 
heating element in high temperature furances.
However, for wider practical use the material must possess 
mechanical strength at elevated temperatures. An example of this 
is titanium carbide which is used in high speed cutting tools 
because of its resistance to deformation as well as oxidation up 
to about 800°C. For higher temperatures, such as those 
experienced in operating gas turbines and rocket nozzles, more 
stringent specifications are required and these specifications 
are steadily rising as the technologies are becoming more 
sophisticated. Not only must the material be resistant to 
oxidation at temperatures of 1000°C and higher, but oust also 
possess good fatigue and creep characteristics plus resistance
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to erosion by high velocity gas streams. A further important 
requirement is thermal shock resistance on which most ceramic 
materials fail although they have the desired high temperature 
strength. In many of these respects transition metal borides 
and especially TiB^ , ZrB^ , IlfB^  show considerable promise.
The high thermal conductivity is of controlling importance in 
rocket nozzles since good conductivity keeps the temperature 
well below that of the combustion gases. For gas turbines there 
is the necessary fatigue and creep resistance to withstand the 
high centrigual forces on blades (creep) and vibratory stresses 
on vanes (fatigue).
It is obvious that titanium and zirconium borides have many 
desirable properties for use under extreme conditions. There is 
however, a lack of quantitative information on the thermal 
stability and oxidation resistance of these compounds. This has 
prompted the present study of the effect of temperature and 
pressure on the rate of oxidation of TiB^ and ZrB^ .
Preparation of Borides.
There are several general methods of preparing metal borides 
and these are listed below.
(i) Synthesis from the elements.
(ii) Seduction of the metal oxide with boron.
(iii) Simultaneous decomposition of a volatile boron
compound and a volatile compound of the metal, 
usually on a hot filament in the presence of 
hydrogen.
(iv) Fased-salt electrolysis of the metal oxide with
a source of boric oxide.
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(v) Co-reduction of a source of the metal oxide and
of boric oxide with carbon at high temperature.
(vi) Reduction of the metal oxide with carbon in the
presence of boron carbide or the boride of£
another metal, e.g. CaB^ .
(vii) Thermit-type reduction of a metal oxide and boric
oxide by a metal such as alumium or magnesium.
All are high temperature reactions and it is important to 
maintain an inert atmosphere since the borides react with Og*
Ng, COg at the temperatures involved in most of the methods.
Direct synthesis from the elements is convenient for research 
purposes, but attaining the high temperatures necessary for fusion 
to take place (of the order of 1500°C) is a problems so also is 
the prospect of finding a suitable container. All the experi­
mental work described later in this thesis was carried out on 
commercial samples of TiBg and ZrBg« However, some attempts 
were made to synthesise TiB^ from the elements.
Stoichiometric mixtures of titanium and boron powder were 
placed in a TiB^ crucible on a carbon support in a "Sadyne"
Radio Frequency Induction Furnace. The system was outgassed 
and, with a maintained vacuum of 1 ,5 x 10 Sum, the temperature 
(observed by an optical pyrometer) was raised to 1420°C. Some 
titanium diboride was formed, but trouble was experienced from 
titanium condensing on the glass walls of the reaction tube and 
leaving a titanium deficient product. The use of an inert 
at atmospheric pressure rather than a vacuum appears to be a 
necessity.
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Fabrication of Boride Powders.
Borides are almost invariably produced as powders. Bearing 
in mind their high melting points it is difficult to cast them 
in a mould without reaction occurring with the mould material 
itself. Also, unless the techniques of precision casting can 
be utilised, the extreme hardness of the compound poses great 
machining difficulties.
As would be expected these problems have been solved in 
ceramic technology and the following fabrication techniques [3 3  
can be listed.
(i) Cold-pressing, followed by sintering.
(ii) Hot pressing.
(iii) Slip casting, or paste moulding, followed by sintering*
(iv) Plasma or flame spraying.
(v) Reaction sintering.
(vi) "Boriding" or "Boronizing”.
(vii) Vapour plating.
The method adopted depends on the size and shape of component 
required, the acceptable degree of porosity, the nature of the 
particular boride and the cost.
.Structure of Borides.
Borides can be divided into two main classes, metal-rich 
and boron-rich. As the boron atoms have a strong tendency to 
form bonds with other boron atoms, an increasingly more rigid 
structure occurs as one passes from metal-rich to boron-rich 
borides. With increasing boron concentration and size of metal 
atom, this ranges from isolated B atoms in Mn^B, to a rigid
- 20-
FIGURE 4. STRUCTURE OF BORIDES,
NETWORK
ATOMIC
RATIO
EXAMPLES B-B
1
Isolated 
B. Atoms
M.B4
MjB
Mn.B4
Co B^, Ni^B
Above
2.10
Pairs of 
Atoms M3B2 V B 3 2 1.79
Single
Chains m Fe3 1,77
Double
Chains 3 4 Ta3B4
Cr3P4
Hexagonal
Networks MB, TiBf
YBo,
1.75
1.90
Planes & 
Octahedra MB, XJB, 1.7
Octahedra MB/ CaB/ 1.74
Cubo-Octahedra MB,12 ZrB.12 1.75
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( a ) BORON
METAL
Fig 5 DIBORIDE STRUCTURE
(a) Shows a unit cell
(b ) •• the  hexagonal n e tw o rks
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three-dimensional framework in ZrB^ where the metal atom is 
arranged in a simple cubic NdSI-type lattice and surrounded by 
a "cage" of 24 boron atoms in the form of a cnbo-octahedron.
A table illustrating this range is given in Fig. [43.
The diborides form the link between the two structural 
classes of boride and are the first type in which discernible 
extended boron lattice occurs. The detail of as ^or ^^^2
and 2rBg, is shown in Fig. [53• Each boron atom is placed in 
the centre of a trigonal prism of metal atoms. The metal atoms 
fora a simple hexagonal close packed structure and with the 
hexagonal boron networks neatly sandwiched between complimentary 
metal layers.
There are similarities between the metal-rich boride systems 
and the metal-rich carbides, silicides, nitrides and phosphides 
in which the non-metal is also surrounded by a trigonal prism of 
metal atoms. However, there is no boride structure corresponding 
to those of the ionic carbides and nitrides (presumably because 
the greater electropositivity of boron prohibits anion formation), 
and also no carbide or nitride structure analogous to those of 
boron-rich borides (because the electron deficient nature of 
boron allows the formation of clusters of atoms which cannot 
occur for carbon and nitrogen).
The nature of the bonding in borides is still a matter of 
speculation, but a few generalisations can be made. In the metal- 
rich borides such as MgB, electron transfer is to the metal, 
whereas for the boron-rich borides such as it is to the
boron lattice. For the diborides, however, which can be regarded 
as a transition between the two main groups, electron transfer 
in each direction has been suggested. Complete transfer of one 
electron per boron atom would give a formulation M^+ (B**)g in
-2>
which the boron layers would be isoelectronic with graphite as
suggested by Lipscomb and Britton [43» Complete transfer may
not occur and the.charge on the metal could be reduced by back-
donation from boron to metal as suggested by Muetterties [53*
Also, because the metal lattice is hexagonally close packed,
there is the possibility of considerable metal-metal bonding
which would stabilise the transition metal diborides and account
for their high electrical conductivity. Samsonov [63? who
regards the variation of chemical bonding in refractory compounds
as a function of the acceptor ability of transition metal atoms
and ionization potentials of non-metal atoms, describes the
bonding of borides in the following way. Due to the small
ionization potential of the boron atom, one may assume for compounds
where the boron atoms are isolated from each other (MgB), that
the valence electrons of boron occur mainly in the unbound levels
of the transition metal atom, if the latter has a sufficiently
high acceptor ability. In the formation of pairs and extended
three-dimensional networks of boron atoms, a considerable fraction
of the electrons from covalent bonds and a smaller fraction go into
a general electron cloud, resulting in a metallic bond. Therefore,
the degree of metallic bonding increases with increase of the M
Bratio in borides. There is of course, no real inconsistency 
between these views of bonding in the metal borides.
Analysis
As has been described under the section on chemical reactivity, 
the borides are characterised by a general inertness, particularly 
to non-oxidising agents. They are decomposed by fusion with 
alkali and oxidising agents such as peroxides and nitrates.
However, the fusion of refractory borides can be troublesome 
because of either incomplete reaction with alkali or a sometimes 
unpredictably violent reaction when oxidising agents are added 
to assist decomposition.
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h/hen a solution of the boride has been achieved, the metal
is separated from the boron and then each determined by one of
the standard methods of analysis C7]. For example, titanium
can be estimated gravimetrically by ignition to TiCL, or
IIIvolumetrieally by first reducing to Ti using a Jones Jeductor
.IVand then titrating with standard oxidising agent back to Ti • 
Boron, as alkaline borate, can be determined in the usual way by 
titration with acid using methyl orange as indicator and the 
liberated boric acid then titrated with standard base in presence 
of mannitol. Problems can occur in the last stage with the end 
point of pheno1phthalein because of colour fading, and it is 
probably better to obtain the end point potentioraetrically. 
Alternatively, boron can be estimated by the method of Chapin.
This involves dissolving the boron compound in phosphoric acid 
and bubbling methanol through the solution to form the volatile 
trimethyl borate, which is then distilled into alkali and the 
borate titrated in the usual way.
The above methods yield good results provided good separation 
is achieved between metal and boron. Trouble, however, can be 
anticipated in this stage because considerable analytical skill 
is required to prevent contamination of the boron solution by 
metal ions and loss of boron during the analysis, especially 
when warming the boric acid solution to eliminate CO^ .
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THE OXIDATION PROCESS
With the exception of the noble metals, all metals undergo 
the oxidation reactions-
and this takes place with a decrease in free energy, i.e. the 
reaction is spontaneous. Although the oxides are more stable 
at low temperatures, the rates of oxidation of metals in these 
temperature ranges are generally low. At higher temperatures, 
where the free energy decrease is smaller, the reaction is 
kinetically more favoured and rates of oxidation are considerably
A protective barrier developes on the netal surface through 
which the reactants must pass if the oxide film is to continue 
thickening and this explains why the reactions do not rapidly go 
to completion. The rate of the reaction may be governed by one 
or more of the following diffusion parameters, assuming that the 
chemical reaction (i.e. the rate at which oxygen and metal react 
to give oxide) is unimportant in this context.
(i) Hate of transport of reactants through the oxide.
(ii) Hate of supply of reactants across a phase boundary.
(iii) Rate of supply of oxygen to the outer oxide surface.
When the reaction is diffusion controlled, obviously the 
oxidation rate will decrease as the thickness of the film increases.
greater.
The decomposition of the borides are no exception as the 
following free energy changes show (lOQO°C).
5  ^ TiO + Bn0™ A G = -133 Seal 
* 2 2 3
ZrB2 + 2 °2 2rQ<2 + A G = -126 Seal
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The direction and forms of movement of reactants are governed 
primarily fey the concentration gradient (or more strictly the 
chemical potential) existing across an oxide, and the temperature 
of the system. At high temperatures thermal movement of material 
occurs in all directions in a haphazard manner, feut in the presence 
of gradient (which arises from the affinity of metal for oxygen), 
movement is directed so as to reduce the gradient. At low 
temperatures there is no random thermal movement, and transfer 
of reactants is made possible and directed fey the help of an 
electric field. At very low temperatures only a chemisorbed 
monolayer of oxygen occurs on the metal surface. These three 
classifications are not clear-cut because, for example, all three 
stages are involved if a metal is heated to a high temperature when 
it is reckoned that the low temperature mechanisms merely take 
place very quickly in the first stages of oxidation. However, 
the classification is customary and a brief outline of the main 
oxidation mechanisms can be given.
Very Thin Films
At low and very low temperatures oxide film thicknesses are 
very small (less than a few hundred Angstrdms), and are usually 
called ’’thin films”. This is rather a misnomer in the case of 
chemisorption where the film is only a monolayer, Chemisorption 
rates are very fast, in fact much too fast to be studied at room 
temperature.
Thin Films
Thin film formation is best studied at low temperature and 
is the region where logarithmic relationships predominate. In 
the mechanism suggested fey Cabrera and Mott £8] chemisorption 
first takes place, and then electrons (not ions) pass by the
- 27-
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"tunnel effect” from the metal to the oxygen; thus cations are
formed at the netal-oxide interface, and oxygen anions at the
oxide-gas interface. The resultant strong electric field
existing across the oxide film is believed to be the driving force
which pulls the ions through the film. Directly the film has
achieved even a small thickness (order of 100 Angstrdms) the
potential difference becomes insufficient to pull the ions through
and oxidation rapidly ceases. Some of these points are illustrated
in Eig. 6 as given by U.K. Evans [93*
For a rectangular barrier (breadth y, height Y), the
proportion of electrons passing across is given by -4 try /2ra( Y-E)
©  ^ h
Where S is the energy difference, h is Planck’s constant and 
m is mass of the electron. If the oxidation rate of the film is 
controlled by the rate at which electrons can pass across, then
- V
dy « K. e 
dt
where represents 4T»y2m(Y - E)/h and Kj is a constant,
K v-
or e dy « dt
V
Integration gives 1  ^ e « K,t + constant.
Assuming that the metal was initially film free, then 
y *s o when t - o and constant = 1.
-29*-
V
Hence e = .K^ K^ t + 1
V  = loge (K 1 K2 t+ X)
or y = K l°g^Q (at + l) where "a" has ^
dimensions (Time)
There are assumptions in this simplified derivation. An. 
important one is that the passage of electrons and not the passage 
of ions is the rate determining step. This is so initially, but 
when the film becomes thicker, ionic transfer (i.e. material) 
takes over as the rate determining step. In the latter case 
it is found that an inverse log law is obeyed and not a direct 
log law as derived for electron tunnelling.
Another assumption is that a constant potential difference 
is maintained across the oxide so that the field is inversely 
proportional to thickness.
A further assumption is that electrons for chemisorption 
of oxygen as ions are provided by the metal, in which case each 
absorbed ion contributes to the electric field across the oxide.
It is considered that this may not be so and, for example, 
electrons may be supplied by surface cations which undergo a 
valency change, the field being localised to the ion pair.
2 M+ + i o2 ________ ^ 2 M2+ + e2~
A number of rate laws are given by liufeaschewski and Hopkins (10) 
for the two general conditions that the absorbed layer consists 
entirely of (1) field creating ions in n- and p- type oxides and (2) 
of neutral pairs and field creating ions in equilibrium in p-type 
oxides.
"Thick Film” or Scales
At higher temperatures, or when the film thickens sufficiently, 
other rate laws are followed. If the oxide film is not protective 
and offers no resistance to the continued contact between metal 
surface and gas, the actual thickness of the layer has no 
influence on the reaction rate.
In this case dy = K where K is constant 
dt
or y = Kt + K°.
i.e. a linear relationship.
This relationship is generally followed by the ultra light 
metals, e.g. Na, S, Ca, Mg, which yield oxides occupying a smaller 
volume than the original metal. Hence they are unable to form a 
coherent surface film and fresh metal is continuously exposed.
In the case of metals like Ti and Zr, the linear relationship, as 
mentioned later, is associated with breakdown of the surface film 
owing to strain of fitting the higher volume oxides graving 
inwards to the metal.
A common and most important time law observed for the 
oxidation of metals is that described by Wagner 33 years ago.
If the rate of growth of oxide varies inversely as the thickness 
thens-
dy 1
dt CX_ “7
or dy = H, where I  is a proportionality constant, 
dt y
ydy = K, dt
2
iy * K^t + constant 
y2 = 2Kt + K2.
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Tliis is known as Parabolic or, quite often, Wagner law of 
oxidation and has been verified over an appropriate temperature 
range for practically all heavy metals and metals where the oxides 
occupy a larger volume than the metal destroyed. In contrast to 
linear oxidation, the parabolic relationship is taken as positive 
evidence of the formation of a protective oxide film.
There are other oxidation laws which should be mentioned.
One is the cubic law:-
y3 - st + s0
Little is written about this relationship except to say that 
it probably represents a transition state of oxidation. It is 
quoted as representing the intermediate temperature range of 
oxidation of such metals as Titanium (350-600°C), Zirconium 
(390-95Q°C) and Nickel (400°C), A point that can be made about 
this law is that when it holds, the oxide film must be more 
protective than a parabolic relationship under similar conditions.
So far, except for the linear law, it has been assumed that, 
the oxidation proceeds via diffusion through the oxide (lattice)* 
However, this need not be the case and the reaction can proceed 
by movement through ’’pores’1 (i.e. any line along which movement 
can occur at temperatures ten low for usual thermal movement, 
e.g. slip plane intersections, ed£e and screw dislocations).
When these conditions exist an Asymptotic Equation can be followed 
and represents self blocking of pores, or a direct logarithmic 
equation representing mutual blocking of pores.
Other relationships occur if the effective area for 
oxidation varies with time, e.g. curves of sigmoid form.
A diagram showing the relationship of some of these laws 
is shown in Fig. ?•
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Oxidation Mechanism
Film thickening at high temperatures is controlled by 
diffusion of ions directed by the concentration gradient (as 
shown in Fig. 8.). The mechanism of the oxidation can be 
visualised on an Electrolytic Cell Model. The oxide is the 
electrolyte and completes the circuit between the metal and gas 
and allows electronic conduction and ionic transport. At low 
temperatures, if the overall oxidation is diffusion controlled, 
the slow step is the transfer of electrons from the metal to the 
gas| at high temperatures it is the migration of ions. In 
practice, the metal migrate (as M^+) to the oxide-gas interface 
or the gas (0 ~) may travel to the metal-oxide interface, or a 
combination of these extremes may occur to form a fresh layer of 
oxide. The manner of conduction of electrons and ions through 
the oxide can be briefly outlined.
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Metal oxides are ionic substances, the netai and oxygen ions 
being arranged regularly in a crystal lattice. Frequently 
bov/ever, these lattices are defective with either cations or 
anions missing from their appointed places in the lattice. The 
principle types of non-stoichiometric compounds can be listed ass
(1) Metal deficient - p-type semiconductors (positive hole
conduction mechanisms). The metal deficiency is most 
commonly due to presence of sorae metal ions of higher 
oxidation state than the main body.
(2) Metal Excess - n-type semiconductors (normal electron
conduction mechanism. The metal excess can be due to 
either anion vacancies or interstitial cations.
A common example of p-type oxide is growth of cuprous oxide
film on a copper surface, Fig. 9* After the initial mono-layer
of oxide has been formed, oxygen molecules are adsorbed onto the
oxide layer and become oxygen ions by capturing electrons that
have been conducted through the oxide from the metal,
2-Qg + 4e ^ 20 . Electrons pass through the oxide from the
metal by electron switches between cupric and cuprous ions
2+ +Cu + e ______  Cu • For every electron which passes from
the copper metal into the oxide, a cuprous ion moves from the 
metal into an adjacent vacant lattice site in the oxide and diffuses 
through the oxide via the cation vacancies. As the cations move 
outwards, vacancies move inwards towards the metal and these 
accumulate at the oxide/metal interface and form cavities. A 
striking example of the formation of cavities occurs when iron 
wire is oxidised between 700 and 1000aC.
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An example of an n-type oxide is ZnO; the metal excess is
due to interstitial cations as shown in Fig. 10. In this case
the metal ions migrate towards the oxide/gas interface via the
interstitial sites. It can he noted that the growth is outward
from the metal, hut without the cavities at the metal/oxide
interface as expected with the p-type mechanism.
Also an n-type oxide is Ti09, but the metal excess is due
to vacant anion sites, Fig. 11, instead of interstitial cations
2—as for ZnO. Jenkins suggested that the oxygen (as 0 ) tends
to diffuse inwards via the vacant anion sites. Indication 
that the oxidation proceeds inwards is given by markers which 
remain on the outside of the titanium metal during oxidation.
Variation of Oxidation Rate (K)
From what has been, said in the previous section it can be 
seen that the rate of oxidation will depend on both temperature 
and pressure of oxygen. 
ilL. Temperature.
The variation of oxidation with temperature and the different 
rate laws followed can be conveniently illustrated [ll] by the 
oxidation of titanium metal. From the work of Jenkins, the 
oxidation takes place in distinct stages and the nature of the 
oxide scales are characteristic for a particular stage as shown 
in Pigs. 12 and 13. At high temperature, oxidation is according 
to a parabolic law and diffusion controlled through a compact 
scale; the scale is non-porous (contrasting with lower temperature) 
because at the high temperature resintering occurs to a coherent 
compact form. At intermediate temperature, however, oxidation 
proceeds with a linear relationship which indicates a non­
protecting scale; this is brought about by the film cracking 
after a critical thickness has been reached. Low temperature
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Fig 13 DEPENDENCE OF OXIDATION OF Ti ON TEMPERATURE;
oxidation is again according to a parabolic law and consistent 
with formation of a thin layer of dense, non-porous oxide scale.
At temperatures less than 230°C a logarithmic law is obeyed as 
would be expected when temperature is too low for thermal 
diffusion and Vagner type oxidation, and instead the Cabrera and 
Mott Mechanism applies. Bearing in mind the fact that marks 
made cn the surface of the metal before oxidation appeared on the 
outer surface of the scale, and that reabsorption of the closely 
adherent scale, brought about by heating the oxidised metal in 
vacuo for sufficient time to allow the oxygen to diffuse from the 
scale into the core of the specimen, the markings could again be 
seen on the metal surface, Jenkins concluded that the oxidation of 
titanium depends on the reaction between oxygen and titanium at 
the metal/oxide interface, i.e. the oxygen, not the metal diffuses
L>
through the scale.
The linear oxidation stage indicating loss of protectivity 
is in agreement with the observed violent reaction that can 
occur with titanium or zirconium when a critical oxide thickness 
has been reached. Thin films are very protective on these metals 
but, with inward growth of oxide, the film becomes subjected to 
increasing compressional strain until, at a. certain thickness, the 
filEi shatters and a large area of fresh metal is suddenly exposed.
The oxidation rate R obeys the Arrhenius equation
E
rr * “K -  A e
Where E is "Activation Energy" and A a constant the dimensions 
of which are those of K. Experimentally determined values of 
K, when plotted as log K against |r give straight lines; their 
slopes enable E to be calculated. Values of the activation 
energy have proved useful for considerations of the mechanism 
of oxidation. In Fig. 14 taken from Kubaschewski & Hopkins [123
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for instance, there is a distinct break in the carve and this 
corresponds to a two term expression with two values of 25•
Si So
X » Axe BT + Age BT
The energies of activation are 37*7 Kcal for the high temperature 
region and 20.1 Kcal for the low; this indicates two mechanisms, 
affected by CugO being the stable oxide at high temperature and 
CuO at low. Also the observation that the diffusion of Cu in 
Cu,,0 has a heat of activation of 37.8 Kcal strongly suggests that 
this diffusion process is the rate determining step at high 
temperature.
Pressure of Oxygen.
The determination of the effects of gas pressure on oxidation 
rates can also be of considerable assistance in assessing the 
oxidation nechanisra.
If the oxide-gas interface reaction is the rate controlling 
step, dissociation of the attacking diatomic gas would be involved, 
and one would expect the oxidation rate of increase with the square 
root of the gas pressure.
If a diffusion process in an oxidation layer controls the 
total reaction, there can be various oxidation rate-pressure 
relationships dependent on the nature of the oxide.
For p-type conducting scales there is generally an increase 
in oxidation (also electrical conduction) with increase in oxygen 
pressure. Qualitative reason for this is that the increase in 0^ , 
adsorbed on the oxide-gas interface, creates further vacant cation 
lattice sites, which promote the migration of electrons and netal 
ions from the interior, and consequently increase the oxidation rate
-kl-
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(&nd electrical conductivity). The dependence on oxygen pressure,
however, can be of a high root relationship (e.g. ?th root of
oxygen pressure, 3?Pc>p), and difficult to determine accurately.
Wagner and GrtLuewald found this relationship for the parabolic
oxidation constant for copper at 1000°€ but, Lustman. and Mehl [13]
found at low temperatures (lQ5°C) and pressures between 15 and
150 mm Eg of oxygen that the oxidation rate decreased with
increasing pressure, Fig. 15. As can be seen, below 15 mm Kg
of oxygen the oxidation rate is again reversed.
For n-type oxides, where metal excess is due to interstitial
cations, there is usually, in contrast to p-type oxides, a decrease
in oxidation (and conductivity) with increase in oxygen pressure.
To take the example of Zn. Increase in pressure of 0^ increases
its adsorption on the Zn0/0„ interface, and causes further
2+migration of interstitial Zn ions and electrons from the 
original lattice sites to form fresh zinc oxide. The removal 
of interstitial ions and electrons, presumably without replace­
ment, decreases the oxidation (and conductivity).  ^A high root 
relationship applies for zinc, i.e. dependent on ^ 5 •
For an n-type oxide, where the metal excess is due to anion 
vacancies, as in Ti^ nm3^er defects at the
oxide-gas interface may be expected to be negligibly small at 
moderate temperatures and pressures, and consequently, the 
oxidation rate should be nearly independent of the partial pressure 
of oxygen. When however, the oxygen pressure is considerably
reduced (e.g. = 3mm!Ig), the concentration of defects at the
2oxide-oxygen interface is bound to become noticeable, and one 
would expect an increase in oxidation rate with decreasing pressure.
The mechanisms of oxidation discussed in this section relate 
to well established systems involving a single metal plus oxygen.
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Ihe oxidation of netal borides and similar systems have not been 
extensively studied and results are much more difficult to interpret. 
Nevertheless, the oxidation of metals provides some guide as to 
the factors important in the oxidation of the borides.
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Techniques of Following Oxidation. (For TiBp & ZrB^)
There are numerous methods for following oxidation ranging 
from actual measurement of the oxide thickness, e.g. "by inter­
ference tints or electrometically, to indirect methods such as 
change in weight or measurement of volume of oxygen consumed.
For titanium and zirconium'boride, only the last two methods 
have been used.
Miiaster [14] investigated the oxidation of titanium diboride 
between 600° and 1100°G vclunetrically, at atmospheric pressure 
of oxygen. He found that a parabolic law was followed below 
850 °C and above 950°G with different activation energies; at 
900°G a cubic relationship holds. At the lower temperatures 
(700°C) the oxide layer is a fine grained mixture of an<^
BgO^, while at higher temperatures phase separation occurs and 
3 zones become distinguishable, namely glassy BpQ^, TiO^ and a 
fine grained mixture. Above 1000°C the BgO^ begins to evaporate 
and, at 1100°C an X-ray diffraction study showed its absence from 
all phases.
Platinum marker experiments showed the Ft above a TiO^ layer 
but below the Bo0_ glass. Mttnster believed that this indicated
<2 J
oxidation by inward diffusion of oxygen so that both oxides were 
formed at the inner phase boundary. The fact of BgO^ glass 
being above the Pt marker was explained as overflow due to 
macroscopic phase separation.
Funke and Yudkovskii Cl5] studied the high temperature 
oxidation of zirconium boride by a gravimetric method, and found 
a loss in weight in the range 500-750°G which they attributed to 
vaporisation of volatile components. Raising the temperature 
above 750°G produced a considerable increase in weight and the 
character of the oxide changed to a firmly adherent, vitreous white 
film. Vitreous films of the type 2r0g, B^G^ were formed with rise
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in temperature and increasing duration of oxidation, and these 
impeded the evaporation of volatile components* The variation 
of weight with time at 875°C and 10QO°C give parabolic curves of 
the usual type.
Xariakose and Margrave [14] carried out oxidation studies on 
zirconium diboride gravimetrically between 945°C and 1256°C and 
at various partial pressures of oxygen. Different partial pressures 
were achieved in a gas flow system by diluting the oxygen with 
helium. The ZrBg-O^ reaction was parabolic throughout the 
temperature range studied and the oxidation rate was found to be 
directly proportional to the oxygen partial pressure between 102 
and 744 nun.
Gf the work reviewed, it is surprising that following the 
oxidation of TiB^ and 2rBg gravimetrically gives quantitative 
results even though some of the boric oxide must volatilise from 
the specimen. Kuriakose and Margrave suggest that the loss in 
weight by evaporation of is compensated by an increased
oxidation due to less thickness in the protective oxide film.
Their weight changes were parabolic with time but one wonders if 
this relationship would hold if the weight of all the oxidation 
products were taken into consideration.
The gravimetric method, however, has the advantage of ease 
of operation and, at low temperatures when volatility of 
is negligible, it is an obvious choice. At higher temperatures 
when evaporation of 3^0^ may become significant, a volumetric 
method of following the oxidation is desirable. Accordingly, 
an apparatus was designed, as described in the next section, to 
try and achieve both gravimetric and volumetric determination of 
oxidation of TiB^ and ZrB^ .
Miinster’s work on TiB^ was quite comprehensive but omitted 
the parameter of pressure5 also a comparison with Kuriakose and
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Margrave's oxidation of ZrB^ (being directly proportional to 
partial pressure of oxygen) would be interesting. The latter 
did not observe a cubic relationshio for SrBrt as hdinster did for 
TiBg, and one wonders whether this would be found outside 
Kuriakose and Margrave's temperature range, or whether their 
gravimetric determination did not tell the whole stcry. Lastly, 
if boric oxide does evaporate, it should do so quicker the 
lower the pressure (at any one temperature), and varying the total 
pressure of oxygen, (as distinct from partial pressure), should 
reveal this dependency.
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S E C T I O N  II
EXP.iSrLlBijl'JTAIi
ANALYSIS
Material
A powder sample of titanium boride and zirconium boride was 
obtained from Norton Abrasives Ltd., Nelwyn Garden City. This 
material was supplied with only a typical analysis.
Compacted boride samples were obtained from Borax Consolidated 
Ltd., Chessington, as mentioned later.
Methods.
Decomposition of TiB^ presents a number of problems. One 
that can be readily anticipated is the difficulty of dissolving 
the material.
Alkaline fusion with K^SgO^, KOH, NaOH, Ma^Og* NaNQ^ alone 
or in mixtures resulted in very violent ignition and, although 
recommended, is not really a practical method. Sodium carbonate 
alone failed, but addition of a little NaNQ^ made fusion possible 
except that violent ignition was again liable to occur. Violent 
ignition of course, made it practicably impossible to ensure that 
all the material was still i crucible.
Concentrated H^SO^, HC1, did not give doeplete
decomposition, hot or cold. Concentrated HNQ^ produced a rapid 
reaction on warning but a white precipitate remained; however, 
concentrated HNO^ plus a little concentrated H^SO^ successfully 
dissolved the titanium diboride. The latter provided a solution 
for analysis, but not via Chapin’s method - you cannot distil off 
trimethyl borate from this solution by methanol in the usual way 
because of explosion.
A satisfactory procedure was to dissolve the boride (about 
O.lg) by warming with concentrated nitric and sulphuric acid 
(about 10 mg of each), cooling, diluting and neutralising with 
.880 Ammonia; the white Ti (0E)^ precipitate was then filtered
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off and ignited to TxO^ in platinum crucibles, while the filtrate 
was made just acid again with dilute sulphuric, warmed to eliminate 
COg and the boric acid titrated as usual with sodium hydroxide after 
addition of mannitol. Although simple, care had to be taken to 
prevent loss of boron-bys
(a) Not heating too much when dissolving the boride, at
any event brown fumes must still be present.
(b) Slow addition and cooling when neutralising with
.880 Ammonia.
(c) At least 4 washings of the Ti (0H)^ precipitate.
(d) Elimination of COg by warming and not boiling.
A check on (a) was made by using a known solution of borax 
instead of boride and on (c) by using a stock solution of borax 
and titanium trichloride.
The results obtained for the analysis of TiBg using this 
procedure were not as consistent as hoped for and did not improve
with practice beyond those shown in tlle Table.
f> Ti fo B fo Total
Theoretical 68 .88 3 1 .12 100
*Mean value on sample 68.64 30.03 98.67
Standard deviation o • 00 0.82
* Mean of 4 sets of triplicates.
Emission Spectra of ^i^
Arc emission spectra of TiB^ powder were obtained using a 
Hilger and Watts large Quartz Spectrograph. Exposures of 3 to 
10 seconds were made in the range of 3300 to 2340 Angstrdas using
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spec tro sc opic ally pure iron and carbon electrodes. With a 10 
second exposure, no trace of iron could be seen on the developed 
plates where the usual distinct 4 lines iron pattern can be 
identified at 3100£j however, a faint carbon line at24T8& could 
be seen and carbon must be reckoned as an impurity.
X-Say Powder Photograph of TiEU
The camera used was a 9 cm diameter Philips type. Specimens 
were prepared by coating pyrex fibres with Durofix, and rolling 
them in the powder. In order to keep misleading reflections to 
a minimum, the coated fibres were carefully aligned in the camera 
so that no eccentric rotation occurred. After on exposure time 
of 2 hours, the developed films contained faint lines not 
corresponding to TiBp - in fact the lines corresponded to TiB 
(possibly present to 5^ ) and TiC (possibly up to 3$)*
Surface Area Measurement.
Surface area measurements of powders covers a very wide
field and techniques vary considerably according to the powder’s
characteristics, i.e. size frequency, specific surface and
particle shape. For large surface areas of the order of 
2 /
1000cm /g and greater, gas adsorption is probably most favoured; 
for lower values there are numerous methods.
In the present case where only an approximate weight to 
surface area relationship was needed for a powder with a mesh 
variation of -150, +325, the microscope method was chosen. 
Photographs (magnification x 3®0) were taken of the powder sample 
and surface area obtained in two ways. First, dimensions of a 
large number of random particles were measured; then the sum of 
the largest dimension (length) and smallest dimension at right
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angles (width) divided by 2 was taken as a mean diameter. A 
surface area was calculated for a sphere of equivalent diameter. 
Secondly, an Allbrit Plauimeter was used to measure the perimeter 
of a large number of particles and then the average surface area 
of a particle obtained using Kenrickfs [17] projection of area 
approximation.
Another method used to measure surface area was a Rigden 
Permeability Apparatus [18]. Briefly, this method involves 
measuring the time taken for a definite volume of air to be drawn 
through a known depth of powder packed in the Permeability Cell. 
Difficulties were experienced trying to achieve consistent packing 
because of erosion by the extremely hard boride if the piston was 
used. To achieve a reasonable permeability time, it was found 
that a sample weight of about 50g was required. Measurements 
were taken with different depths of powder bed and, from plots 
of weight against depth (essentially packing density), and 
permeability time against depth, corrected readings could be 
obtained. Surface area per gram was then calculated via a rather 
complicated expression shown in the results section.
Area of Compacted Borides.
Compacted boride samples were obtained from Borax Consolidated
Ltd., with a porosity not greater than Cylinders used were
of the order of 0.5 cm diameter and 1.3 cm length. Surface area
was taken as tv/ice the geometrical dimensions of the cylinder.
This relation was arrived at by considering the surface made up
of a series of hemispheres rather than a flat surface when the
cylinders were cut from the compacted powder. Thus the surface
2
area for a series of hemispheres (radius r) is 2nr instead of a
2flat surface of nr , i.e. the area is effectively doubled.
Mo-anting of Specimens*
Specimens of boride were mounted in either Shell Hpicote 
815 resin with K6l Epicure Hardner and stoved at 7 0 for 2 
hours, or in Araldite AY103 resin and HY957 hardner. To
achieve firn bonding, especially of the powder, the samples 
were immersed in the resin mixture and evacuated to remove 
trapped air? on releasing to atmospheric pressure, the resin was 
then forced into any cracks. Cross sections of the specimen were 
then prepared by first cutting with a diamond circular saw, then 
rough polishing on emery paper lubricated with white spirit and 
finally fine-polished using and Ip diamond paste. 'White spirit 
was used as a lubricant instead of water because the latter rapidly 
dissolved any surface boric oxide.
The mounted specimens were examined under a microscope by 
reflected light and polarised light, and photomicrographs taken 
in suitable cases.
KINETIC EXPERIMENTS.
General Introduction.
One of the most convenient ways of following oxidation is 
by a gravimetric method. This can be done by simply weighing 
before and after heating for a suitable tine? however, this has 
the disadvantage that the sample must be cooled before the final 
weighing. A better method is to suspend the sample on a wire 
connected to a balance or a quartz spiral spring, and to follow 
the oxidation by continuous weight changes. However, if volatile 
oxidation products are formed, gravimetric determinations are 
obviously of little value unless the extent of volatilisation can 
be ascertained. In the system under consideration boric oxide 
volatilises and condenses out in the cooler part of the reaction 
tube. Eor systems where volatilisation occurs, the oxidation is
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usual ly followed by volume of gas consumed in either a "flow" 
or’’static” apparatus. The "flow” arrangement has the advantage 
of easy variation of partial pressure by altering the mixture in 
an inert gas stream. Good detecting devices are required to 
determine flow volume of oxygen before and after the specimen.
A disadvantage of such a method is that the variation of 
evaporation with total gas pressure is not observed.
In the static method, the extent of oxidation is followed by 
a change in pressure. Obviously provisions mast be made for 
keeping the gas pressure reasonably constant.
Initially, an apparatus was designed to serve a dual roles 
namely, to follow the oxidation of borides gravimetrically aht 
low temperatures and volumetrically at high temperatures when 
boric oxide volatilises. Such an apparatus is shown 
diagrammatically in Fig. 16.
Description of Apparatus (height and Volume)
The sample of boride powder was contained in a platinum dish 
(weight of about O.lg) suspended by 0.005 inch platinum wire from 
a quartz spiral spring (maximum load 0 .5g> sensitivity 37*6 cc/g 
and maximum extension 23*4 cm or, for heavier loads, a l.Og maximum 
load spring, sensitivity 23*6 cm/g and extension 28.8 cm). The 
whole arrangement could be raised or lowered by means of a windlass 
at the tope of the reaction tube (5 cn diameter, 120 cm long) 
so that the dish was just above the base re-entrant containing 
a Pt/Pt, 13? Bh. thermocouple used for sample temperature 
determination. The E.H.F. of the thermocouple could be measured 
to 0.001 millivolt (corresponding to 0.009°C) on a Pye 
Potentiometer.
The furnace and control were separate sections of a 
Stanton Themobalance, model H.T.D.
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The spring extension was observed by a cathetometer reading
_4
to 0 .0 1 nim, and so weights coaid be obtained to 1 x 10 g*
For an oxidation run, the powder sample (about 100 mg) was 
placed in the Pt dish and the whole system pumped out by a mercury 
diffusion and rotary oil backing pump. With taps A, B, C closed, 
the apparatus could be used simply to follow the oxidation 
gravimetrically and this was done for temperatures ranging from 
650 to 9 70°0 at different oxygen pressures.
Above 800°0 the oxidation was found not to be parabolic and 
a white deposit of boric oxide appeared on the cooler part of the 
reaction tube. Under these conditions the gravimetric method 
cannot be used.
Attempts were then made to follow the oxidation volumetrically, 
again using powder samples of about 100 mg. The whole system was 
pumped out as before and filled with oxygen at atmospheric pressure 
but this time taps E and B were closed? the furnace, already at 
the temperature decided for the oxidation, was raised into position 
around the reaction tube and the gas expansion noted by 
relevelling the gas burette. The whole procedure was then 
repeated with a boride sample of about 100 mg in the Pt dish.
Trouble was experienced with gas pressure variations of the 
closed system which were sometimes larger than the expected 
quantity of oxygen consumed. Control of room temperature to 
better than - 2°C was impossible. Increasing the size of the 
boride sample from around 100 mg, to proportionally increase the 
oxygen consumed, did not solve the problem because the boride then 
ignited on heating (critical mass of powder found to be about 
200 mg and ignition temperature 750°C - the platinum dish was 
destroyed as well),
Seduced pressure runs using the monostat had even worse 
gas pressure variations, and also oscillation of the quartz
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spiral spring, once started, was difficult to stop without gas 
damping.
Description of Apparatus (Vo lame)
To solve the previously mentioned problems a new apparatus 
was constructed. This is shown in Fig. 17 in which the free 
volume is kept to a minimum. The gas burette was water jacketed 
and water circulated by a pump from the water bath containing the 
5 litre gas reservoir. The water bath had a thermostat control 
giving a temperature variation of i Q.02°C. The inter-connecting 
tubing was of narrow bore neoprene and glass, and kept as short as 
possible.
To minimise errors due to large possible temperature 
fluctuations in the reaction tube in and above the furnace, the 
reaction tube was made as small as possible, Tfith a total length 
of 15 cms and an external tube diameter of 1.3 cms and internal 
re-entrant of 0.7 cos containing the Ft/Pt, 13$ Fih thermocouple, 
the volume was 12 ml inside the furnace and 5 ml on the exposed 
portion above. The penalty of having a small reaction tube was, 
of coarse, that there was no room for a quartz spiral spring and 
consequently weight changes could not be measured continuously 
as well as oxygen consumed during an oxidation run, i.e. direct 
correlation was not possible.
The entire reaction tube and side a m  were made of quartz
and hence could be used up to 1100°C.
To fit the small reaction tube a new furnace of narrow bore
(2.0 cm I.D., length 22 cos) was constructed. The furnace tube 
was of T.S. material marketed by Anderaann and Company, and the 
element was wound at 8 turns to the inch with 0,85 mo diameter 
Kanthal A wire to give a total resistance of 18 ohms. The wire 
was covered with fireclay cement and, when hardened, set in
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hollowed 2 inch thick.fire bricks so that only one end was open.
The whole was surrounded, except for the furnace opening, by 0.25 
inch asbestos board held in Handy Angle frame.
As before there were two Pt/Pt, 13$ Hh thermocouplesj one 
placed in the re-entrant tube to measure sample temperature and 
the other lying on the wall of the furnace. The former was 
connected to a Pye Potentiometer (reading to 0.001 millivolt) and 
the latter to the Stanton Themobalance control as before.
Blanks.
Vith the control unit set at constant temperature, blanks 
were carried out to check the extent of uniform temperature within 
the furnace and the possible error of thermocouple probe within a 
tube 0.5 cm above the actual sample. The position of this 
thermocouple was obviously not ideal: i.e., the ideal would be
in actual contact with the sample, but this would involve large 
temperature changes in an atmosphere of oxygen which is detrimental 
for such a thermocouple. It was found that a steady state was 
achieved within 6 minutes of raising the furnace, previously 
heated to approximately the required temperature by means of the 
wall thermocouple. Accurate sample temperatures were then 
obtained by adjusting the control unit to the temperature 
indicated by the sample thermocouple (the two differed by 5-8°C).
By raising the furrmce at 1cm intervals and not moving the position 
of any thermocouple etc., a temperature profile over 3 cms was 
obtained and gave a variation of i 1°C at 900°G.
Blanks were also carried out to check the variation of gas 
burette readings with room temperature fluctuations etc. At 
an oxygen pressure of 400 mriHg, for example, and reaction tube 
temperature of 900°C, there was a variation of - 0.05 ml over 5 
hours. This would amount to an error about 2.5$ on a 4 ml total
oxygen reading and about 0,5$ on 16 ml reading.
For a series of isothermal rans at say 700°C, 800°C and
900°C first at atmospheric pressure oxygen and then ?n = 600 mm,
2400 mm and 200 mm blanks would be done at each temperature and 
pressure to allow for expansion of gas when the reaction tube was 
heated to the required temperature on raising the furnace.
Typical Run.
After such a series of blanks, a typical oxidation run with
TiBg powder would be as follows. First the TiB^ powder, of the
order of 100 rig, would be weighed accurately in the Pt dish and
slid onto the inner probe sample holder removed from the reaction
tube* The whole was then carefully lowered into the reaction
tube after greasing the Quick-Fit joints with Apiezon T grease.
With three 3-way taps 1 and 2 completely open and tap 3 and 4
closed, the apparatus was pumped out for about 20 minutes until
- 2a pressure of 1 x 10 rrilg was obtained. Liquid air was used 
in the mercury diffusion pump cold trap to ensure removal of any 
water vapour. Tap 4 was then closed and oxygen admitted slowly 
to the system via Tap 3 to the required pressure as shown by the 
mercury manometer. With each experimental ran, however, the 
pumping out procedure was repeated at least twice to ensure the 
flushing out of any impurities. With the apparatus filled with 
oxygen at the required pressure, and mercury level in the gas 
burette at the same level as used for the blank (i.e. usually 
talien at 10.0 ml mark), tap 1 was turned so that the gas burette 
only was connected to the reaction tube and similarly tap 2 turned 
so that the levelling tube connected only to the themostated gas 
reservoir. The furnace, previously switched onto attain the 
required temperature, was then raised 'and mercury levels in gas 
burette rapidly adjusted to be level again as gas in reaction tube
-6G~
heated up. This period of expansion was usually over by 10 
minutes from the start, and the burette would have a reading of 
the order of 30 nil as determined in the blank. The oxidation 
of the boride sample was then followed over a period of about 5 
hours by noting the burette reading at gradually increasing 
periods of time. Initially these were at about 10 minute 
intervals, gradually extending to 30 minutes to observe reasonable 
changes in 3g level, as the parabolic oxidation proceeded.
For oxidations at low pressures when quite large volumes of 
oxygen were consumed, the gas burette could be refilled by 
rotating tap 1 and 2 and lowering the levelling flask, so drawing 
in a fresh burette full of oxygen; immediate^ then the two taps 
were returned to their previous position and the oxidation followed 
as usual.
Precautions.
During low pressure runs, the apparatus had to be kept under 
observation in case leaks developed - especially awkward on the 
gas reservoir side. To minimise such possibilites, the apparatus 
was checked for leaks before a run simply by pumping out to a low 
pressure and leaving for 15 minutes to see if the low pressure was 
maintained. Apiezon T grease was used on all the Quick-Fit joints 
and this was found to give an adequate seal even for the B14 and BIO 
joints just above the furnace.
Actual Experimental Runs.
TiBn Powder.2
A number of experiments were carried out using TiBg powder. 
These were done at 700°C, 800°C, 900°C at atmospheric, 200 jam and 
100 ram pressure of oxygen for 5 hours with very nearly 100 mg 
samples each time. A few oxidations were included varying the
time from | to 8 hours and sample weights of either 50 mg or 
150 mg. Beducibility, particularly at the higher temperatures, 
was difficult.
TiBrt Compacted.2 •*■
Cylindrical samples, 0.5 cm diameter and about 1 cm long 
were obtained from a sintered disk of TiB^ (porosity less than 
4$, and Ti + B not less than 99$ with a very close to ls2 Ti:B 
ratio) using a hollow diamond drill. The samples were dried at 
110°C for a week to ensure complete removal of water used as a 
lubricant during the drilling.
The small Cylinders were suspended directly from the central 
probe by means of platinum wire. Oxidation runs were carried 
out for approximately 5 hours’ duration at 50°C intervals from 
700°C to 1050°C and at oxygen pressures of 7&0 ram, 600 mm, 400 no 
and 200 ramhg. The same cylinder was used for different 
temperatures, but only for one pressure. This eliminated the 
problem of different surface area of an individual cylinder when 
determining oxidation rates at different temperatures for an 
Arrhenius Plot. Starting the oxidation at low temperatures 
resulted in reasonable readings because a temperature increase 
of 50°C counteracted the decrease in oxidation with time 
(associated with parabolic oxidation).
ZrBg Compacted.
A disc of ZrBg, similar to that of the TiB^ , was obtained 
with the same specification except for a lower porosity, namely 
not greater than 3$*
Cylinders drilled from this disc were used for following the 
oxidation at 50°C intervals from 700°C to 1050°C and at 
atmospheric, 400 mm and 200 ran pressures of oxygen. The extent
of oxidation of 2r3^ was only comparable to TiB^ when the ZrB^ 
was about 150°C higher. This meant that the oxidation of 
ZrBg was very difficult to follow at 700°C and only at 850 °C 
were reasonable readings obtained. Similar to the procedure 
for TiBg, the oxidations were started at the low temperature 
and raised, at 50°C or 25°C intervals, to 1050°C.
Thermo Balance.
The decomposition of titanium and zirconium diborides was 
also studied using a Stanton Automatic Recording Balance, type 
II.T.B. This could record automatically changes in sample weight 
of up to O.Olg on a chart marked at 0.2 mg intervals and read to 
0.1 mg. The platinum furnace could be run up to 1450°C at 
various linear heating rates between 1° and 6°C per minute by 
merely altering the programme motor. A 12 hour programme motor, 
corresponding to 2°C rise per minute, is one that closely 
approaches isothermal conditions but still fits within a day’s 
attendance. The thermobalance can of course, be ran at a 
steady temperature instead of a linear rise b3r merely switching 
off the programme motor. A time scale is provided on the chart 
by the weight record pen which makes a timing mark every 5 
minutes. The temperature recorded on the chart (with weight 
change) is that of the furnace wall close to the sample; this 
is not particularly accurate, especially when a gas stream (0g) 
is passing through the furnace giving a significant temperature 
gradient between the sample in the centre and furnace wall. To 
solve this problem the balance had been fitted with Pt/Pt, 13$ Rh 
thermocouple inserted up the centre of the Rise Rod so that the 
bead just protruded above the head and fitted into the re—entrant 
of the Pt crucible placed on the top. The between this 
thermocouple and one in an ice junction was fed directly into
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the input of a Leeds and Northrup Type II Recorder which enabled 
sample temperatures to be read directly to - 2°C. The discrepancy 
between the sample temperature and that of the furnace wall was as 
much as 20°C depending on gas flow and heating rate. However,
provided the latter was not varied daring a run, the temperature 
difference between that recorded for the sample and that on the 
Stanton Chart giving temperature and weight, was not more than £ 1°C.
The furnace had a water cooled ring seal at the base and 
top so that when in the operating position, an artificial atmosphere 
could be maintained inside. For studying the oxidation of 
borides, oxygen was fed in at the base and drawn off from the top 
by a small rotary pump. Consequently there was always a gas flow
up the furnace which ensured that any volatile products were swept 
away from the Bise Bod, and sample was always in an atmosphere of 
oxygen. The gas stream was controlled either side of the furnace 
by means of two Edwards Needle Valves and Flowmeters. Once a 
suitable setting had been determined, the flow rate was kept constant 
for all oxidations studied and, for such a flow rate, a buoyancy 
correction was determined.
Isothermal runs were carried out on a ZrBg cylinder at 100°C 
intervals from 700°C to 100°C for approximately 5 hours’ duration 
at each temperature. The furnace was raised as rapidly as 
possible to the required operating temperature without damaging 
the windings and control? this meant applying Stage I voltage 
until 500°C was reached and then onto Stage II Voltage to 800°C 
and so on. Application of Stage IV full voltage to the cold 
platinum furnace, when resistance is lowest, would result in a 
very high current and, of course, damage. To raise the temperature 
from 20°C to 8G0°C took 40 minutes, but as ZrBg only starts to 
oxidise above 700°C (and even then slowly), the error over 5 hours’ 
duration of oxidation was considered negligible.
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Ti3^ (Compacted)
Kinetic studies are concerned primarily with tlie progress 
of a reaction with time# The extent of the reaction can be 
measured by various methods, as mentioned in the introduction 
section, but most quantitative data is recorded as changes in 
weight (AM) per unit area with time. Hence, although the kinetic 
studies on TiB^ were measured volumetric ally, the volume of oxygen 
consumed was converted into an equivalent weight of oxygen at 
N.T.P. and this weight corresponded to the weight increase of the 
sample (assuming no boric oxide volatilised).
Various relationships of weight increase, AM, with time, t, 
can be plotted but, for parabolic oxidation,
(AM)2 * Kt + K1
1 ? ■ where K and K are constant, a plot of (AM)™ against t should
give a straight line. If the reaction is from zero 1C** 0 and
K is the rate constant, measured by the slops, at the particular
temperature. The units of K are expressed in weight per area
per tine; in this work, weights are ingmilligra^s and time in
. / -2\2min , or mg cm min ,minutes so ii is \mg cm ; °
As can be seen in Fig. 18 to 23, the oxidation of TiB^ 
follows a parabolic relationship irrespective of pressure of 
oxygen and temperature except at 950°C. At the latter 
temperature a cubic relationship holds as show in Fig. 30*
In the cubic region, the flow nature of the boric oxide is very 
marked; this is illustrated in Fig. 31 which is a photograph 
of a TiBrt cylinder oxidised at 950°C for 110 hours. A definite 
’•bead” can be seen at the lower end of the vertically suspended 
cylinder and is formed by flow of (principally) boric oxide down 
the sides.
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Fxperimentally it was found that the duration of oxidation 
had to be about 4-5 hours (longer sometimes at low temperature) 
to establish the sl5pe of the parabolic plot. Raising the 
temperature by 50°C resulted in a recognisable increase in slope, 
but it is doubtful if 25°C would be readily identified. An 
anomalous result occurred, when raising the temperature from 
1090-1030°G, fig. 19 (iii). This decrease in rate is 
unexplainable and did not occur in any other case.
The extent of oxidation over the experimental time interval 
was less than 3$ - a sample specially oxidised for 110 hours at 
950 °C underwent 3.2JS oxidation. Consequently accurate measuring 
of changes in cylinder dimensions were difficult. However, the 
thin oxidised layer did not appear to crack or become more porous 
when a sample was allowed to cool after 1 day’s oxidation.
Heating up the following morning to continue the oxidation run 
did not result in a different parabolic rate once the required 
sample temperature had been reached (this did not take more than 
10 minutes on raising the heated furnace).
By using the same sample for a complete oxidation run from 
700°C to 1050°C at 50°C intervals, parabolic oxidation rates at 
different temperatures were obtained on a TiB^ cylinder having 
the same surface area (the maximum change in surface area over 
the longest run of 35 hours was estimated as about 2%), Hence 
an Arrhenius plot for a particular run would not involve surface 
area error which is bound to occur between different cylindrical 
samples, i.e. the geometric surface area is not accurate. This 
is a convenient place to point out that the (AM) in the tables 
was calculated by dividing the increase in weight by the geometric 
surface area, arrived at from measurement of the length and 
diameter of the cylinder. As mentioned in the experimental 
section, a more realistic value is twice the geometrical surface
-67“
area, aid this was allowed for by dividing the reaction rates,
2derived from the slopes of the parabolic plots, by 2 .
The difference in oxidation rates between duplicate 
oxidation runs can be seen in table 8. These differences are 
believed to be principally due to differences in surface area 
of apparently identical cylindersj this can be considerable 
in the early stages before a coherent film is formed. Also, 
the experimental difficulty of measuring the reaction rate at 
low temperatures contributes to the spread ill results.
A plot showing the variation of oxidation rate with oxygen 
pressure is given in Fig. 24. An important point that should 
be emphasised is that the oxygen pressure is the total pressure 
(other workers commonly use a total pressure of one atmosphere 
made up of varying partial pressures of oxygen and inert gas).
It can be noted that the oxidation rate, at say 1050°C, is 
higher at 200 nm than ?60 mi, and this effect decreases with 
temperature until at 800°G hardly any change in rate with oxygen 
pressure is observed. Also at the higher temperatures and 
lower pressures extensive white deposits of boric oxide occurred 
on the cooler parts of the reaction tube. Thus it would appear 
that the boric oxide is a key factor in the oxidation process. 
Above 800°C the boric oxide volatilises at an increasing rate 
with increase in temperature and decrease in total pressure.
As it evaporates from the surface it no longer presents a barrier 
to diffusing oxygen so, in spite of less oxygen being available 
with lower oxygen pressure, a higher oxidation rate occurs. In 
this work 200 rn was the lowest pressure at which the rate was 
experimentally determined. Obviously between 200 m  and zero 
oxygen pressure the rate must decrease to zero, but where the 
maximum lies is difficult to predict. It can be mentioned that 
oxidation of copper shows a maximum at about 30 ran, as shown in 
Fig. 15.
Arrhenius plo.ts of log^K against for TiBp, .Figs. 25 to 
28, were characterised by three distinct stages % namely a high 
slope between 700°C and 900°C followed by a break and then a 
lower slope above 1000°C. To take the example of Fig. 25> the 
high slope corresponded to an activation energy of 45.8 - 2.3 
Xcal/mole and the lower slope, above3D0Q°C, an activation energy 
of 31 Kcal/raole. Above 1000°€ no duplicate runs were performed 
so no figure is available for the accuracy of the lower 
activation energy value| below 900°C, however, duplicates were 
done at atmospheric and 200 mm pressure and these gave respectively 
45.8 - 2.3 and 47.8 i 5.1 Kcal/mole. It can be pointed out in 
the Arrhenius plots, where only a slope is required, that the 
errors due to surface area are eliminated, provided the sane 
sample is used over the entire temperature range.
Such an Arrhenius plot, with a change in activation energy, 
indicates a change in rate controlling mechanism; the cubic 
region in between probably corresponds to a transition stage.
There is also the unusual feature of a lower activation energy 
at a higher temperature.
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Fig 20 (i) (ref. table 3 )
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Fig 21 (i) (ref. ta b le  4 )
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Fig 24 (ref. table 7 )
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TABLE 1. (OXIDATION OF TiBrt 2 CYLINDERS
OXYGEN PRESSURE s Atmospheric
GEOMETRIC SUEFiWE AREA 0IF CYLINDER = 2.450 2cm •
A °9 TIME1ir\. (am) AM Amg AVfml) (mimjtes)
700°C 0.0027 0 .520 0.1323 0.1 15
0.0980 0.313 0.7940 0.6 55
0.610 0.781 1.985 1.5 175
0.878 0.937 2.381 1.8 225
1.197 1.094 2.778 2.1 285
1.563 1 .250 3.175 2.4 345
1.833 1.354 3 .440 2.6 405
2.280 1.510 3.837 2.9 471
3*916 1.979 5 .027 3.8 505
4.339 2.083 5.292 4.0 525
5.013 2.239 5 .689 4.3 56O
5.249 2.291 5.821 4.4 640
800° C 7.617 2 .760 7.012 5.3 690
9.126 3.021 7.673 5.8 710
10,765 3.281 8.335 6.3 740
13.293 3 .646 9.261 7.0 790
15.257 3.906 9.923 7.5 825
17.791 4 .218 10.716 8.1 87 0
21.004 4-583 11.642 8.8 925
22.629 4.757 12.833 9.7 1010
900° C 27.668 5.260 13.626 10.3 1025 '
32.821 5.729 14.553 11.0 1040
37.761 6.145 15.611 11.8 IO65
42.380 6.510 16.538 12.5 1085.
50.169 7.083 17.993 13.6 1120
59.413 7.708 19.580 14.8 1160
64 .320 8.020 20.374 15.4 1185
71.183 8.437 21.433 16.2 1215
75.638 8.697 22.094 I6 .7 1235
80.246 8.958 22.756 17.2 1260
85*933 9.270 23.549 17 .8 1290
90 .840 9.531 24.211 18.3 1315
94.537 9.723 24.740 18.7 1330
1000°C 97.911 9-895 25.137 19.0 1345
109.574 10.468 26.592 20.1 1370
124.211 11.145 28.312 21.4 1405
136.096 11.666 29.635 • 22.4 1440
152.621 12.354 30.694 23 .2 1465
166.823 12.916 32.810 24.8 1525
181.953 13.489 34.266 25.9 1560
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XABLE 2. OXIDATION OF TiBn CYLINDERS  2________
OXYGEN PRESSUREs Atnospheric
GEOMETRIC SURFACE AREA OF CYLINDER * 2.5835 cm2.
PMFERATURE (AM)2 °2 TIME( T,? TT\T^TnFTTO C! ^
AV(ml)  ^i'AXl Jiil jRiO y
oooo 0 .0416 0.4 10
0.2693 1 .0 45
0 .326 1 .1 75
0.529 1.4 110
0.607 1.5 170
0.779 1.7 220
0.972 1.9 275
1.024 1.95 290
750°C 1.245 2.15 320
1.753 2.55 350
2.187 2.85 380
2.676 3.15 410
3.791 3.75 470
4.207 3.95 515
4.871 4.25 560
5.099 _ 4.35 .. 590
800° C 5.861 4.75 620
6 .366 4.95 640
7.156 5.25 670
8.892 5.65 710
10.144 6 .2 5 755
11.465 6 .6 5 795
14.417 7.45 845
18.199 8.35 . 925...._
850°C 22.705 9.35 945
25 .200 9.85 965
28.366 10.45 990
32.296 11.15 1025
37.100 11.95 1055
48.400 13.65 1145
53.494 14.35 1190
56.520 14.75 1215
3KPERAXURS (AM) 2 °2
AV(ml)
TIME
MINUTES
900°C 71.622 16.35 1225
75.169 16.75 1255
96.216 18.95 1325
105.575 19.85 1360
114.254 20.65 1395
123.276 21.45 1435
135.048 22.45 1485
144.841 23.25 1525 .
)°C (aid) 3
259.5 24.45 1535
272.5 24.75 1545
295.1 25.25 1565
334*5 26.05 1595
394-8 27.15 1645
412.5 27.45 1665
469.2 28.35 1710
517.6 29.05 1755
569.3 29.75 1800
632.5 30.55 1845
684.3 31.1 5... 1890
1000°C 266 .64 31.45 1905
275.19 31.95 1920
282.10 32.35 1940
298.05 33.25 1980
310.71 33.95 2015
325.55 34.75 2055
330.55 35.15 2065
332.40 35.25 2085
338.12 35.55 2110
349.62 36.15 2150
_ 355.43 36.75 2200
1050°C 365.27 36.95 2210
385-30 37.95 2260
399.60 38.65 2290
418.49 39.55 2340
455.23 41.25 2420
475-28 42.15 2460
498.14 43.15 2495
5i9 .ll 44.05 2525
OXYGEN PRESSURE: 600 m' Eg.
GEOMETRIC SUBPACE ABEk OF CYLINDER = 2.539 cm2.
0 °2 TIME O ^2 TIME
TEMPEHATUHi2 (am) AV(ml) (minutes) TEb5PlERATURE (am)3 (am) AV(al) (MINUTES)
700° C 0.42 1.6 40 950°c 114 .3 25.4 1140
0.66 2.0 75 129 .5 26.2 1160
1.04 2.5 120 1 48 .4 27.1 1185
1*39 2.9 170 1 69 .0 28.0 1220
1.81 3.3 225 189.1 28.8 1245
2 .27 3.7 275 225 .6 30 .1 1290
2.66 4.0 320 257.3 31.1 1335
281.2 31.8 1375
800° C 2.79 4.1 340 310.5 3 2 .6 1415
3-51 4*6 365 342.2 33-4 1465
4.92 5.45 395 371.8 ..3.1* 4, 1505
6.17 6.10 425 A
7-89 6.9 455 1000 c 193.9 34.2 1515
9-58 7.6 495 198.5 34.6 1535
11.16 8.2 535 204.3 35.1 1555
13.28 . 8.9.. .580 211.4 35.7 1575
217.3 3 6 .2 1605
850°C 14.04 9.2 590 228.3 37.1 1640
16.58 10.0 610 231.9 37-4 1655
19.71 10.9 635 243.3 38.3 1695 ,
23.88 12.1 675 250.9 38.9 1725
26.75 12.7 695 260.0 .,3.9*6. 17.70.
31.13 13.7 735 A
34.39 14.4 770 1050 c 266 .7 4 0 .1 1785
38.32 1 5 .2 805 277.4 40.9 I805
42.46 16.0 845 285.6 41.5 1825
295.3 42 .2 1855
900°C 43.76 16.15 855 312.3 43.4 1905
47-62 16.85 880 325.4 44.3 1935
52.26 17.65 905 344.8 45.6 2015
58.35 18.65 935 352.4 46 .1 2035
64 .03 19.65 965 366.3 47.0 2075 .
7 2 .1 0 20.85 1000
79.91 21.95 1040
87.70 2 3 .0 0 1080
96.73 1125
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TABLE 4. OXIDATION OF TiB0 CYLINDER   2________
OXYGEN PRESSURES 400 m  Hg.
GEOMETRIC SURFACE AREA OF CYLINDER = 2.550 cm2.
9 °2 TIME °2 TIME
TEMPERATURE (AM) AV(ml) (MINUTES) TEMPERATURE (AM)  ^ (AM) AV(ml) (MINUTES)
700°c O .46 2.5 20
0.65 3.0 55
0.99 3.7 90
1.35 4.3 131
2 .0 5 5.3 205
2.37 5.7 250
2.80 6 .2 - - 3 Q 0.
800° C 3.37 6 .8 310
4.90 8 .2 330
5-91 9.0 350
6 .5 8 9.5 360
7.15 9.9 385
7.89 10.4 405
8.99 11 .1 425
10.16 1 1 .8 450
11*76 12.7 480
1 2 .90 13.3 510
13-89 1 5 .8 540
14.50 14.1 555
15.76 14.7 585
16.85 15.2 615
850°C 17.97 15.7 625
19 .86 16.5 645
22.85 17.7 670
26.61 19.1 705
29.77 2 0 .2 735
33.41 21.4 765
37.59 22.7 800
42.72 2 4 .2 840
4 8 .18 25.7.. 890
900°C 49.69 2 6 .1 905
52.78 26.9 920
58.00 28.2 950
70.54 31.1 1002
82.10 33.5 1060
96.65 36.4 1130
108.12 1185
950 C 127.0x10 39.3 1195
139.0 4 0 .2 1210
156.3
Cj
HO
4 1 .4 1231
178.5 4 2 .8 1255 .
204.7 44.3 1285
240.3 4 6 .1 1326
277.9 H3 47.8 1365
324.0 MO 49.4 1409
359.9 51 .0 1450
407.2 5 2 .6 1495
432.6 53.4 1505
472.6 54.6 1545
500.9 55.4 1575
534.5 56 .3 1605
561.7 57.0 1630
581.8 57.5 1650
623.0 .58.5. 1690 .
1000°C 262.6 6 0 .0 1720
271.4 61.0 1740
279.5 61.9 1760
289.5 63.0 1785
3 04 .4 6 4 .6 1823
315 .8 6 5 .8 1850
3 27 .4 67.0 1885
339 .3 68.2 1915
354 .3 69.7 1955
365.6 70.8 1985
1050°C 382.4 72.4 2010
399.6 73.7 2030
4 04 .9 74.5 2047
412 .5 75.2 2060
426 .8 76.5 2090
439 .2 77.6 2115
455 .2 79.0 2145
4 71 .4 8 0 .4 2175
5 00 .0 82.8 2220
84.1 .-2,2.45
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TABLE 5. OXIDATION OF Ti30 CYLINDER2
OXYGEN PRESSURE-. 200 m  Eg.
GEOME1TRIC SimPACE AREA 01? CYLINDER = 2.5403 cm .
°2 TIME 0 °2 TIME
TEMPERATURE (a m)2 AV(ml) (MIMJTES) TSMPERATUBI1 (a m) AV(ml) (MINUTES)
700°c 0.019 1.0 10 900°C 20.05 32.7 625
0.061 1.8 20 20.67 33.2 635
0.108 2.4 30 24 .98 36.5 660
0.204 3.3 55 27 .80 38.5 675
0.34? 4.3 80 33.23 42 .1 700
0.430 4.9 105 40.37 46.4 735
0.469 5.0 145 47.27 50 .2 765
0.547 5.4 170 53.88 53.6 795
O.63I 5.8 190 65.51 59.1 845
O .768 6 .4 225 70.48 61 .3 870
0.893 6.9 255 80.96 65.7 . . 215.
0.999 7.3 285 A
1422. 8.0 ..-2.15.. - 1000 c 85*45 67.5 925
102.98 74.1 960
800° C 1.567 9.2 325 115*58 78.5 980
2 .068 10.5 335 130.78 83-5 1010
2.789 12.2 355 153.96 90 .6 1045
4.507 15.5 385 169.62 95.1 1075
6.345 18.4 421
9 .242 22.2 470
11.628 24.9 510
12.773 2 6 .1 530
15.453 28.7 575
18.028 Jlr.P..___ 615
-87-
TABLE 6. OXIDATION OE TiBg CYLINDER
OXYGEN PRESSURE: 200 s® Hg.
GEOMETBIG SURFACE AREA OF CYLINDER = 2.578 cm2.
„ o
d TIME 0
2 TIME
.tsmfebatobe (AM)2 AV(ral) (mimjtes) TEMPE8ATUEE (am)2 AV(nl) (mimjt:
oooot— 0.022 1.1 35 5 7 .3 4 56.67 1360
0.159 2.8 60 69 .00 62.17 1435
0.194 3.3 100 75.83 65.17 1475
0.285 4.0 140 -Pl-ZP.,--68.il. .....152L.
0.578 4 .6 180 TT
0 .446 5-0 210 950°C (AM)J
0 .579 5.7 250 104.7x10 73.87 1550
0.68 6 6.2 300 111.0 77.67 1585
122.0 80.07 1605
750°C 0.968 7.37 320 144.0 84.57 1650
1.19 8 .17 345 165.7 88.57 1690
1.51 8.57 370 184* 9 91.87 1730
1-57 9.37 400 201.8 94.57 1765
1.71 9.77 445 227 .1 98.37 1810
1.99 10.57 485 252.9 101*97 1850
2.25 il.17 535
2.45 11.67 575 1000°C 204.2 106.97 1890
2.60 12.07 610 217 .8 110.47 1915
A 235.7 114.77 1950
000 C 2.93 14.32 655 245 .5 117.27 1970
4.36 15.62 695 255 .6 119.67 1990
5.17 17.02 730 277 .0 124.55 2025
6.53 19.12 790 287.7 126.95 2050
7.66 20.72 840 295 .5 128.65 2070
9.05 22.52 895 JUSzL. 132.95 2125
3*46 25.02 .-915....
1050 c 338.34 136.86 2155
850 C 11.25 25.10 930 352.2 140.46 2175
12.35 26.30 950 366 .9 143.36 2195
14.71 28.70 990 391.4 148.06 2225
16.61 30.50 1015 4 06 .8 150.96 2245
19.56 33.10 1060 418.7 153.16 2260
22.88 35*80 1105 457.9 160.16 2305
22.51 37-80 1150 481.1 164 .16 2335
27.44 59.20 1180 507 .8 168.66 2365
0 ...571*1..- 178.86 2430
900 c 32.05 42.37 1210
35.94 44.87 1235
40.74 47.77 1250
45.66 50.57 1295
50.85 53.37 1325
TABLE 7
REACTION SATES FOR TiB9 (COMPACTED) 
DERIVED FEOM GRAPHS PLOTTED FROM TABLES 1-6
BATE CONSTANT K in mg2CBT4min”X. .
TEMPERATURES
PRESSURE o n n o
P0 * nnHg 700 C 750 C 800 C 850 C 900 C 1-950 C 1000 C 1050°C
<L
Atmospheric 0.00081
0.00167
0.00584 0.01045
0*01558
0.05142 O.O667
0.0909
CUBIC
n
0.0956 0 .1521 
0 .0950
600 mm 0 .00200 - 0*01142 0.02857 0.0457 CUBIC 0 .0680 0 .0859
400 mm 0.00227 - 0.01055 0.02885 0.0527 CUBIC 0.0967 0.1567
200 mm 0.00100
0,00050 0.00140
0.01406
0.00620 0.01642
0.0545
O.O454
CUBIC
t!
0.1675 
0 .1504 0.2000
TABLE 8
DERIVED DATA FOE TiBg (COMPACTED) FOE ABHSMUJS PLOTS
FISSURE
Atmospher
700°c
10.277
750° c 
9.775
800° C 
or l/T x 
9.319
TSMPEM3
10F ° c
8,905
TJHE
900°c
8 .525
950°c 1000°C 1050°C 
7.855 7.559
ic ---
Ki
L°gioKl
k2
Log10K2
0.00081 0.00384 
-3.0911 -2.4157 
0.00167 
-2.7809
0.01045 0.03142 
-1.9801 -1.5128 
0.01538 
-1.8130
0.00667 CUBIC 0.0956 0.1521 
-1.1759 -1.0195 -0.8179 
0,0909 CUBIC 0.0950 
-1.0414 -1.0223 -
600 mm K 0.00200 - 0.01142 0.02857 0.04570 CUBIC 0.0680 0.0839
L°gi0K -2.6990 - -I.9423 -1.5441 -1.3401 -1.1675 -1.0763
400 mm K 0,00227 - 0.01035 0.02885 0.05270 CUBIC 0.09661 0.15667
Log10K -2.6430 - -1.9851 -1.5398 -1.2782 -1.0147 -0.8050
200 mm ■ K 0.0010 - 0.01406 - 0.0545 CUBIC 0.1675
Log QK -3.0000 - -1.8520 - -1.2636 -0.7750
K1 0 .0005 0 .00140 0.00620 0.01642 0.0434 CUBIC 0.1304 0.2000
• • • -  1 
Lop  X  ^10 -3.3010 -2.8538 -2.2076
-1.7346 -1.3625 -0.8848 -0.6938
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TiBg Fowder.
Some oxidation runs were carried out on TiB^ powder. At 
low temperatures, i.e. less than 750°C, a parabolic relation 
was observed when the oxidation was followed gravimetrically, 
as shown in Fig. 32. However, at 750°C, this relationship was 
not followed for longer than 2 hours on 100 mg of sample and a 
white deposit of boric oxide developed on the cooler parts of 
the reaction tube. Obviously weight changes were not a reliable 
guide because boric oxide volatilised. Below 650°C the reaction 
was negligible.
Some TiBg Powder samples, each of about 100 rig, were oxidised 
at 700°C, 800°C and 900°C and the oxidation followed by measuring 
the oxygen consumed* The quantitative results are shown in Fig.23- 
As can be seen, the usual parabolic relationship is observed for 
about 3i hours at 700°C, for a shorter tine at 800°C and hardly 
at all at 900°C. Reproducibility at 700°C was good even when 
markedly different sample weights were taken (between 100 and 
160 ng). It was noticed that the parabolic relationship seemed 
to hold for about 20$ of total theoretical oxidation and after this 
rapid ’’tailing off” occurred; the maximum extent of oxidation 
over 3 hours was 31$ at 900°C. To investigate this phenomenon, 
some of the powder samples were mounted as described in the 
experimental section and photomicrographs taken. Fig.. 34- shows 
these micrographs at magnification x 100 and x 400. The raw 
material has particles with clear edges; after 5 hours’ oxidation 
at 700°C the edges are darkened by oxidation products and this 
occurs fairly uniformly throughout the sample. However, the 
900°C specimen shows clearly (in the top right hand side of the 
photo) particles which are almost completely oxidised near the
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surface while the body of the sanple remains relative^ untouched. 
A further point that can be noted is that the oxidised particles 
show cracking and oxidation down the cracks. Also, there was 
evidence of different phases| in fact a count of 3 fron the 
different refractive indices.
Figs. 35 and 36 show the Arrhenius Plots derived from the 
parabolic graphs of the TiBg powder in Figs. 32 and 33. However, 
since the latter are scarcely quantitative due to the rapid 
"tailing off" of the expected parabolic plots, little reliance 
can be placed on the activation energy values.
Surface Area lheasurenents of Powder.
Sarlier in the experimental section, techniques for measuring 
surface area were described with little explanation of how the 
results were calculated in the case of the Bigden Permeability 
Apparatus. The expression for calculating the specific surface 
areas (cm' 2/g) is given bys
Where a = 1 - (v/ALp) i.e. the ratio of voids to total volume
S2 = 2 Aa3g d
/ \0 9
k (l - a)“ Y y La
x
Clog h i 1
e 2
of the bed.
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¥ = weight of material in the bed (g)
A s cross sectional area of the bed Icn;
P at solid density of the powder (g/cm^ )
L * depth of the bed (cm)
g as acceleration due to gravity (cm/sec )
d as density of liquid (dibutyl pthalate) in the U-tube
k as Kozeny's constant (5-0)
Y 9S viscosity of air (poises)
a 3* cross sectional area of each limb of the U-tube
T SB tine for the liquid the U-tube to fall from
height b^  (start) above the equilibrium level
to hg(sec).
For the apparatus used, this expression reduces tos
h2
S2 « 2.885 x a? pTl^ x 106
(1 - a)2 Lp2
Instead of just substituting into this equation, it was 
modified so that a graphical check could be made.
2 3
Essentially 3 T_ a
h /, x2 (1-a)
Substituting for a , expanding and neglecting small terns.
L
¥
s oc 1 C3-3 L ]
L ¥
is the reciprocal of the packing density aid should be a constant. 
2
Hence S T [constant]
^  L
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For a certain powder sample the specific surface area is 
a constant so T oc L
i.e. Time Depth of bed.
A graph of L against ¥, which should be a straight line, was 
plotted as a check for consistent packing of the boride samples 
in the cylinder. Also a graph of time against depth of bed was 
plotted. Quite good straight lines were obtained in each case.
A table of the surface area of the TiB^ powder by different
methods is given below.
2 /From photos (l) by mean of Hlength and width” 3^2.4 cm g
2 /
(2) using plaaimeter 375*1 cm jg
(3) Bigden Permeability apparatus 322.4 ct? £
2/
Average 353*3 cm g
This gave a figure for the surface area of the powder initially 
but how this changed (quantitatively) during oxidation was not known.
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FiG 32 OXIDATION OF T iB2 POWDE 
( ta b le  9)
M easured by w e ig h t  c h a n g e
At mospheric
2
(AM)
■4 750 CMG CM
O'S
700 C
0-4
2
650 C
0
60 1 8 0120 2 4 0
TIME MI N U T E S
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Fig 33 ( ref. tab le  10 }
OXIDATION OF TiB2 POWDER
Measured by volume of 0 consumed2
PQ ; Atmospheric
_ o
(AM)
MG CM
■ 900 C
0-9
80 0 C
700 C y d
20%
OXIDATION LEVEL0-6
0-3
30020 240ISOGO 120
TIME M I N U T E S
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X 100
Ti B2 
powder
RAW MATERIAL
Fig 3A(i)
X 400
OXIDISED 700°C xz>00
(fo r 5 hours)
Fig 34 (ii)
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surface
oxidised
particles
surface
x 100 X 400
OXIDISED 900 C
( fo r  5 hours)
Fig 34 (iii)
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Fig 35 (ref. table li )
ARRHENIUS PLOT FOR TiE^ POWDER 
(MEASURED BY W E IG A t)
ENERGY OF ACTIVATION 
Ea z 60 Kcal/mole
52 MEAN 56-^ Kcal
LOG K 10
2*2
- 2-6
-3 *0
“3-4
7 50  C 
 1____
7 0 0 C
 i__
6 5 0 ' 
_ __
9-4 10-0 10-4 10-8
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F ig  36 (ref. tab le  12)
ARRHENIUS PLOT FOR T j P O W D E R  
(MEASURED BY VOLUME CONSUMED)
ENERGY OF ACTIVATION
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TABLE 9. OXIDATION OF TiBg PONDER
MEASURED BY WEIGHT CHANGE 
All at atmospheric pressure of oxygen.
Initial weight 79»Omg 
Surface Area 27.8803* 
Temperature 650°C.
Juartz Spring lcm=24.75g<
(am)2 extension TIME
( cms ) (Min;
0.00386 0 .0 7 0 30
0 .01232 0.125 60
0.02068 0.162 90
0.02699 0.196 120
0.04318 0.234 150
0.05167 0 .256 180
0.06265 0.282 210
0.07916 0.317 240
0.09266 0.343 270
0.1052 0.355 295
Initial weight 63.4mg,) 
Surface Area 22^ 3.8 cm", 
Temperature 700 £.
Initial height 29.8mg^ 
Surface Area 10.51 cm , 
Temperature 750°C.
0.0194 0.126 15
O.O446 0.191 30
0.1116 0*302 60
0.1927 0.397 90
O .2565 0.458 120
0.3295 0.519 150
0.4885 0 .632 210
0.5278 0.657 240
0.5773 0.687 270
0.06896 0.112 30
0.25622 0.215 45
0.3547 0.253 60
0.4601 0.288 75
0 .5499 0.315 90
0 .7061 0.357 120
0.8874 0 .400 150
1.0153 0.428 180
1.1794 O.46I 210
1 .2308 O.47I 225
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TABLE 10. OXIDATION OF TiBg PO^JBEB
MMSUKSD BY VOLXJHE OF 0? CONSUMED 
All at Atmospheric Pressure of Oxygen.
Initial Weight of Powder lOQng^
Surface area of powder 35*3 cm n
Temperature 700°C
(Mi)"
2 TIME
AV(ml) (rnins
0.00138 1.0 10
0.0773 7*5 41
0.1515 10.5 70
0.2732 14.1 95
0.3782 16.6 125
0.4806 18.7 155
0 .6412 21.6 210
0.7652 2 3 .6 274
0.8048 2 4 .2 295
Initial Weight of Powder 100ri!g9 
Surface Area of powder 35.3 cm-
Temperature 700°€ 0.0050 1.9 15
0.0258 4-3 20
0.0984 8 .4 45
0,3178 15.1 105
0.5247 19.4 160
0.7441 23.1 240
0.8783 25.1 300
0.9067 25.5 320
Initial Weight of Powder 160.5 gg 
Surface Area of powder 56.65 cm
Temperature 700 °C 0.0021 2.0 10
0.0413 8.8 30
0.1061 14.1 50
0.2220 20.4 80
0.3635 26.1 115
O .5566 32.3 170
0.7147 36.6 230
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TABLE 10 (continued) OXIDATION OP TiBg POWDER
MEASURED BY VOLUME OP 0o CONSUMED   2
Initial Weight of Powder 100.3 5 
Surface Area of powder 35*41 cm* 
Temperature 800°C
Surface Aren of powder 35*47 
Temperature 900°C
r
0.09410 8*3 10
0.3115 15.1 25
0.5411 19*9 47
0.6915 22.5 70
0.7932 24*1 92
0 .9020 25*7 130
0.9958 27*0 186
1.0234 27.75 240
1.0940 28.3 285
3
0.3467 16 .6 10
O .4658 18.5 • 15
0 .6001 2 1 .0 25
0.7073 2 2 .8 36
0.7969 24*2 50
0.9413 26.3 85
1.0143 27*3 130
1.1287 28.8 186
1.1666 29*3 225
1 .2000 29*7 265
1.2248 30 .0 300
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TABLE 11. HEACTXO:M RATES FOR TiB_ 2 PO'IDER
MEASURED BY WEIGHT CHANGE from TABLE 9
TSLiPEaATXiaE
650°C
10.830
700°c
or l/T x 104 
10.277
750°c
9.775
K 0.000361 0.00243 0.0062
l°g10K -3.4425 -2.6144 -2.2076
TABLE 12. BEA.CTIO:N RATES FOB TiBg POWDER
1S0BED BY VOLUME OF 0o CONSUMED from TABLE :
JOO°C
8.525
TEMPERATURE
800°C 
or l/T x 104 
9.319
900°c
10.277
K 0.00310 0.01094 0.0308
log10K -2.5086 -1.9620 -1.5114
-10k-
ZrBg (Compacted)
Similar kinetic work was carried out for ZrB^ and, as can 
be seen in Figs. 37 to 39, the oxidation followed a parabolic 
relationship thro ighout the temperature and pressure range studied. 
Contrary to TiBg no intermediate cubic stage was observed.
It was.found that ZrB^ did not oxidise as easily as TiBg at 
the same temperature and pressure, and in fact about an extra 
150°C was required for ZrB^ for equivalent oxidation. Hence 
experimental determination of the parabolic rate constant at 
700°C was not very accurate and it was not until 830°C that 
reasonably large oxygen volume readings were obtained.
Fig. 40 shows the variation of the parabolic oxidation with 
pressure and time (at 1000°C). A change of 200 mm pressure 
results in a distinct change of slope. Fig. 42 is a plot of 
parabolic rate constant K at different pressures of oxygen. It 
will be noticed that the pattern is similar to that observed for
TiB0 (Fig. 24) except that the variation is not so pronounced.
1The Arrhenius plots of log^K against 7^7 for ZrBg are shown 
in Fig. 43. In contrast to TiBg there are no breaks, and hence 
no change in mechanism throughout the experimental temperature 
range can be inferred. The energy of activation is given as 
2 8 .0 ±5Kcal/nole, the limit being taken as the mean from the two 
most extreme slopes i.e., I and II. The error is higher than 
hoped for but below 850°C the scatter of results is considerable.
A comparison can be made between the Arrhenius'riot of 
Fig. 43 and Fig. 44, the latter being derived from following the 
oxidation of ZrBg gravimetrically (i.e. by Stanton Ihermobalance). 
The values of activation energy obtained are almost the same 
(i.e. 28.0 - 5 Kcal/mole and 28.4 Kcal/mole) and it would appear
that volumetric and gravimetric methods of following the 
oxidation are equally suitable. Thus, in contrast to the 
oxidation of TiB^ , the extent of volatisation of boric oxide 
at atmospheric pressure is not an important factor over the 
temperature range studied.
Fig 37 (i) (ref. ta b le  13 )
OXIDATION OF ZrB.
PARABOLIC PLOT 
P ; ATMOSPHERIC
(AM)
2 _<
MG CM ooc
2-0
750 C
700 C
9007004°o TIME minutes200
Fig 37(ii) (ref! table S3)
OXIDATION OF ZrB.
PARABOLIC PLOT 
P. : ATMOSPHERIC
(AM)
2 -i 
MG. CM
950C
900C
±
9°° . 1100 TIME MINUTES 1500
-1 0 7 -
Fig 38 li) (re f. t a b le  14) 
OXIDATION OF ZrB.,
P A R A B O L IC  PLOT  
F> : A T M O S P H E R IC
(AM)2
.4
MG CM 9 0 0  C
10
7
8 5 0
4
0 6 0 0200 TIME MINUTES
P i n  P P . n il i »_UI _ 1/ v
(AM?; 34
9 5 0  C20 9 75  C
30
25
TIME
M IN U TE S
BOO 9 0 0 1100 1200
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MG CM
4 0
I0 0 0 C
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Fig 39 (i) (ref. table 15)
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Fig 42 ( re f .  table [8 )
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Fig A3 ( ref. table 19 )
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F ig 44 (ref. tab le  20 )
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TABLE 13. OXIDATION OF ZrB0 CYLINDER 2
0 xzsm pressure: Atnospheric
GEOMETRIC S’* OF CYLINDER 2.566£cn
0 °2 TIME
iATUHE (AM)2 AV(nl) (nins)
700°c 0.0424 0.4 45
0.2653 1 .0 115
.0,6791 1 .6 265
750°c 0.8471 1 .8 385
1.0610 2 .0 475
1.3230 2.25 610
800°C 1.3818 2 .3 0 640
1.6333 2.5 700
1.904 2.7 760
2.199 2.9 825
2 .512 •3.1 -9Q5 ..
900°C 2 .846 3.3 930
3.201 3.5 960
3.633 3.7 1000
4 .678 4.2 1070
5.373 4.5 1140
6.116 4 .8 1180
950°c 6 .633 5.0 1215
7.344 5-3 1245
7.907 5.5 1260
9.096 5.9 1330
10.202 6.2 1375
11.209 6.5 1430
12.271 6,8 1485
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TAHLE 14. OXIMTION OF ZrB0 CYLINDER
OXYGEN PRESSURE: Atmospheric ,
GEOMETRIC SURFACE AREA OF CYLINDER 2.7106 cm'
0 °2 TIME A
°2 TIME
TEKPSRA.TU3E (am) AV(ral) (niins) TEMFERATIBE (am) AV(ml) (nins)
850°C 0.8501 1.9 10 975°C 2 3 .78 10.1 965
1.593 2.6 25 25 .22 10.4 1010
1.982 2.9 40 26.69 10.7 1055
2.887 3.5 70 28.69 11.1 1110
5 .226 3.7 95 30.84 11.5 1165
3.771 4.0 125 _35r°5.. 11.9 1225
4-360 4.3 160
5.208 4.7 210 1000°C 34.72 12.2 1255
5.890 5.0 255 36.59 12.5 1285
,.i.- 5.7.1 ..._5.S2 ... ... 200. 38.20 12.8 1325
40 .02 13.1 1360
900 C 7.108 5.5 335 42.51 13.5 1400
7.634 5.7 365 44.41 13.8 1430
8.456 6.0 400 45.71 1 4 .0 1460
9.327 6.3 440 47.69 14.3 1495
10.550 6.7 490 J M O 14*6 1540
11.512
12.180
7.0
7.2
540
580
950°C 13.572 7.6 615
14.296 7.8 640
15.413 8.1 6 70
16.581 8 .4 710
17.381 8.6 745
18.611 8.9 785
19.892 9.2 830
21.660 9.6 880
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TABLE 19„ OXIDATION OF ZrBp CYLINDER
OXYGEN PRESSURE? Atmospheric p
GSOKETBIC SUBFACE AREA OF CYLINDER 2.7106 cn
°2 TIME 0 °2 TIME
i2viPEEATUHE (All)2 AV(ril) (nins) wT (Ah)2 AV(nl) (nins
700 C 0.125 0.7 75 975 C 29.60 10.6 2045
0 .3 1 0 1.1 170 30.75 10.8 2065
1.024 2.0 315 31.30 10.9 2080
1.474 2.4 380 32.47 11.1 2115
1.866 2.7 450 33.64 11-3 2160
2.152 2.9 ...52P_ 36.06 11.7 2220
37.95 12.0 2275
750°c 2.459 3.1 535 39-55 12.3 2330
2.621 3.2 555 40.51 12.4 2370
5*516 3.6 580
3.698 3.8 620 1000 c 41.94 12.8 2420
4.097 4.0 680 43.77 13.0 2455
4.755 4.3 730 43.93 13.1 2490
5-185 4.5 780 46.66 13.5 2540
5.415 4.6 810 46.75 13.8 2580
800° C
50.17 14.0 2620
5.655 4.7 860 53.08 _  14.1.4____ 2680
6.145 4.9 885
6 .656 5,1 930 1025°C 56.07 14.8 2730
7.195 5.3 980 58.37 15.1 2775
8.026 5.6 1050 61.49 15.5 2810
8.608 .. ,5-8.. 1110 63.90 15.8 2855
64.72 15*9 2885
850°C 8.910 5 .9 1135 67.17 16.2 2925
9.217 6 .0 1165 69.69 16.5 2960
9.523 6 .1 1215 a
10.485 6.4 1305 1050 c 75.22 1 7 .0 3015
11.149 6.6 1360 79.71 17.5 3060
13.264 7.2 1400 82.48 17.8 3110
86.23 18.2 3155
900°C 14-784 7.6 1435 91.03 18.7 3215
15.179 7.7 1455 95.96 19.2 3270
15.571 7.8 1485
16.794 8.1 1530
17.632 8.3 1575
18.499 8.5 1645
19.820 8.8 1705
950°C 22.52 9.3 1760
2 3 .00 9.4 1795
24.49 9.7 1845
25.51 9.9 1880
26.03 10.0 1915
27.62 10.3 1955
28.70 10.5 2005
PRESSURE 
200 mm
400 mm
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TABLE 16. OXIDATION OF Zr3p CYLINDER
GEOMETRIC SURFACE AREA OF CYLINDER 4.110 cm2
TEt‘i?ERATURE 1000 °C
TOTAL
O °2 TIME
TOTAL
O 2 TIME
( Am) “ AV(nl) (nins) PRESSURE (a m ) AV(ml) (Mins)
0.945 1 1 . 6 20 400 mm 35.92 2.6 645
1.206 13.1 25 37.33 3.3 680
2 .341 17 i 5 45 38.58 3.9 710
2.924 2 0 .4 60 40.26 4.7 760
3.652 22.8 75 41.76 5.4 805
4.393 2 5 .0 90 43.28 6.1 850
5.313 27.5 1 1 0 45.29 7.0 895
6.667 30.8 135 47.03 7.8 940
8.077 33.9 165
9-986 37.7 2 0 0  6 0 0  mm 47.73 0 .4 965
1 2 . 2 7 8 41.8 2 4 0 49.83 0 . 8 1 0 0 0
13.973 44.6 270 50.91 1 . 1 1045
15.650 47.2 300 51.98 1.4 1 0 8 5
19.071 52 .1 3 6 0 53.09 1.7 1 1 2 0
21.483 55.3 405 54.55 2 . 1 1165
24.374 56.9 450 55.29 2.3 1215
27.700 6 2 .8 495 57.96 3.0 1270
3 0 . 8 8 0 66.3 540 59.49 3.4 1320
6O .67 3.7 1365
32.39 0 . 8 565
33.15 1.2 5 8 0
34.52 1.9 6 1 0
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TABLE 17. OXIDATION OF ZrB0 CYLINDEES 
_ _ _ _ _   2 _________________
GB0112TEIC SUBFACE AREA OF CYLIN BiiiB 2.4092 cra^  
Followed on Stanton Tliermobalance.
OBSERVED OBSERVED
WEIGHT WEIGHT
O INCREASE TIME 0 INCREASE TIME
TEMPEBAIUBE  (AM) (ng) (inins) TEMFEEAIUm  ( m ) d fog) (mins)700 C 0.367 1.5 120 850 C 6 .625 6*5 990
0.558 1 .8 180 6.843 6 .3 1050
0.689 2.0 -240.. 7 .060 6 .4 1110
n 7-285 ._£-5 -.1129750 c 1-550 3.0 300
2.111 3.5 360 9oo°c 9.187 7.3 1230
2 .621 3.9 420 10.221 7.7 1290
2.897 4.1 480 11.310 8 .1 1350
5.042 ,4-JL____ 540 12.166 8 .4 1410
/"V 13.054 8 .7 1470
800 C 3.338 4.4 600 13.653 8 .9 1530
3-338 4.4 660 14.273 ..... -  1515.
3 .806 4.7 720
4.137 4.9 780 1000°C 16.892 9.9 1635
4.482 5 .1 840 19.740 10 .7 1695
4.661 . 5.*2_ .... 950 23.600 11 .7 1755
26.081 1 2 .3 1815
28.250 - 1 2 .8 1875
30.958 13.4 1935
33.790 1 4 .0 1995
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TABLE 18. REACTION BATES FOB 2rB9 ( COMPACTED)
DERIVED FROM GRAPHS FROM TABLES 13-18
BATE CONSTANT K in Mg2crf ^min"*1.
TEMPERATURES
PRESSURE 02 700°C 750°C 800°C 850°C 900°C 950°C 975°C 1000°C 1025°C 1050°C
Atmospheric - 0.0005 0.0019 - 0.00325 0.00535 - -
Atmospheric - - 0.00426 0.00575 0.00764 0.00948 0.01320 -
Atmospheric 0.00102 0.00265 0.00311 - 0.00461 0.00685 0.00894 0.01083 0.0150 0.0205
600 mo 0.00778
400 Ed 0.00947
200 mm 0.01423
TABLE 19. DERIVED DATA FOB ZrBg (COMPACTED) FOR ARRHENIUS PLOTS
TEMPERATURES
700°c 750°C 800°C 850°c 900°C 950?C 975°C 100°C 1025°C 1050°C
or l/T x 10~4
10.277 9.775 9-319 8.905 8.525 8.177 8.013 7.855 7-704 7.559
Xj - 0.0005 0.0019 - 0.00325 0.00535 -
log10K1 “ “3.3009 -2.9626 - -2.4881 -2.2716 - -
X3 - 0.00426 0.00575 0.00764 0.00948 0.0132 -
log10K3 - - - -2.3706 -2.2403 -2.1169 -2.0232 -1.8794 -
K2 0.00102 0.00263 0.00311 - 0.00461 0.00685 0.00894 0.01083 -
log ioK2~2,99U ~2.5809 -2.5075 -2.3363 -2.1643 -2.0487 -1.9654 -1.8239 -1.6863
-121-
TABLE 20. REACTION RATES FOR ZrBg 
Followed by Stanton Thermobalance.
TEMPERATURE 
700°C 800°C ,900°C
or l/T x 10
10.277 9.519 8.525
1000°C 
7.855
K 0.000437 0 .00106 0.00346 0.01136
Log1QK -3.3595 -2.9747 -2.4609 -1.9446
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S E C T I O N  I V
DISCUSSION
-123*-
TiBg (Compacted)
The oxidation of TiB^ between 700°C and 1050°C is divided 
into three stages, namely parabolic, cubic and back to parabolic 
again. The Arrhenius Plots also indicate a three stage 
mechanism, the lower (700-900°C) section hove a high temperature 
dependency than the upper section (above 1000°C) and a break 
between the two corresponding to the intermediate cubic stage.
This is in agreement with Miinster’s [14] results, except 
that there is a difference in temperature range for the cubic 
oxidation. In this work, the oxidation rates were obtained 
at 50°C intervals and it was found that a cubic relationship 
held for 950°C but parabolic at 900°C and 1000°C. K&nster says 
the cubic relationship hold3 for 900°C. The temperature to which 
the reaction is referred depends on the position of the thermo­
couple in relation to the sample. For obvious reasons this 
cannot be inside the reaction tube and in the same position as
the sample. To reduce this error, blanks can be done, as
described earlier in the experimental section, with the furnace 
zone coinciding with the thermocouple position instead of the 
sample and checking the difference. However, this still does 
not eliminate the differences that can occur during oxidation 
between the actual surface of the specimen and that of the thermo­
couple in the re-entrant tube. It is difficult to give a figure 
for this difference but 10-15°0 is quite possible, and this could 
help to explain the differences between our results and Kiinster 
for the range of the cubic relationship.
There is of course, the absolute accuracy of the temperature
which, for Pt/Pt, 13$ Rh thermocuuple, is of the order of - 2°C 
at 900-1000°C.
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In view of the complexity of the system, the temperature 
difference for the cubic region between the two sets of 
results need not be regarded as serious. The important factor 
is that the rather unusual temperature dependence of oxidation 
rate is verified. The overall reaction will be considered in 
three stagess 700-900°C, greater than 1000°C, and 900-1000°C.
700-900°C Stage.
Within this temperature interval the oxidation has been 
found to follow a parabolic relationship. This can be taken 
as positive evidence of the formation of a protective oxide 
film and a diffusion-controlled reaction. The problem, for 
a precise description of the mechanism, is to decide which of 
the following diffusion processes is the rate controlling step.
(i) Rate of transport of reactants through the oxide.
(ii) Rate of supply of reactants across a phase boundary.
(iii) Rate of supply of oxygen to the outer oxide surface.
Part (iii) is only likely to apply at very low pressures 
and would be identified with a square root dependency on oxygen 
pressure, i.e. it is controlled by dissociation of the diatonic gas.
Part (ii) is difficult to define because of the many 
possible phases. There are the obvious ones of gas (oxygen) 
liquid (boric oxide) and solids the latter, however, could 
include the boride and the oxidation products singly or in any 
combination. It is almost impossible to decide if any of these 
present a boundary controlling stage.
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Part (i). Before trying to discuss which reactants could 
be transported through the oxide it is probably better to 
consider the system as boride/oxide interface reaction and an 
oxide/gas interface reaction. If the reaction takes place at 
the boride/oxide interface, the rate would be controlled by 
speed of transport of oxygen through the oxide layer to the 
reaction site. Conversely, if the reaction occurs at the 
oxide/gas interface it would be dependent upon the transport 
of titanium boride out through the oxides in this case the 
growth could occur by outward movement of material in contrast 
to the former where the growth would be inwards. There is, 
of course, the possibility of simultaneously movement of 
material in both directions, and then no single transport speed 
could be identified as the slowest, and hence the rate 
determining step.
Allowing for the increase in volume G f  oxidation products 
compared with volume of boride (molar volume ratio <j>= 3»67)> 
one can calculate the expected change in diameter of a cylinder 
originally 0 .500 cns for the two extremes on 1,6$ oxidation 
(experimental extent of oxidation for 12j hours at 900°C).
For the case where the oxidation is presumed to occur by inward 
diffusion of material (oxygen), the change in diameter would 
be 0.0092 cm, i.e. a percentage change of 1.84$. For the 
opposite to occur, namely by diffusion of titanium and boron 
outwards to the oxide/oxygen interface, the expected change in 
diameter would be 0.0223 cns, i.e. a percentage change of 4.46$ 
Hence, there is a only a 2.6$ difference to confirm a definite 
movement of material one way or the other. The problem is made 
more difficult if there is simultaneous movement of material, 
and then of course there is even less diameter difference to 
observe.
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As mentioned in the experimental section, the compacted 
cylinders were suspended by platinum wire, and it was noticed 
after oxidation at 700-900°C that these became embedded in the 
oxide layer; also the surface of the cylinders became particu­
larly smooth and shiny, almost glass-like. Im&nster, trying to 
determine the direction of movement of material, placed platinum 
markers on the surface of his compacted samples and similarly 
found then embedded after oxidation. He suspected that this 
had occurred, not by outward movement of material, but merely 
by boric oxide flowing over the ?t markers. Bearing in mind 
the large volume change = 3»T one would expect considerable 
disruption of the surface whether there was inwards or outwards 
growth; however, this is not observed, and it would appear 
reasonable to suggest, therefore, that the liquid nature of the 
boric oxide (alone or with a little dissolved Ti09, or as a 
compound of the two), allows it to be squeezed to the surface 
by pressure of the larger volume oxidation products. Hence, 
although the Pt becomes embedded,it is a sign of outward flow 
of material after oxidation rather than movement of material out 
for oxidation.
The energy of activation for the oxidation process between 
?00-90G°€ is of the order of 45 Kcal/mole. Unfortunately, 
this is of little use in elucidating the oxidation mechanism 
because no data is available on activation energy of diffusion 
of oxygen through an^ ®2^3* °r azi<^ boron through
these oxides. If one could obtain such data, it would be 
possible to identify the rate determining reaction assuming the 
activation energy of diffusion to be close to 45 Kcal/mole.
One can consider the case of oxidation proceeding by inward 
diffusion, namely of oxygen. If this was to occur an extremely 
compacted oxide layer would be expected until a critical
thickness was reached and the. .oxide raptured due to stresses 
arising from volume differences. Eupture of boric oxide film, 
however, is unlikely because of its pliability. In this case 
the oxide layer would be expected to foe very protective anti 
this is found expermentally, provided the remains on
the surface.
Above 10Q0°C.
The surface of the oxidised cylinders are a very light brown 
which is characteristic of TiQp and contrasts with the grey, 
glassy appearance observed between 700-900°C. Also, the platinum
suspension does not become embedded, but remains on the surface.
The oxidation again follows a parabolic relationship but, 
significantly, with a lower temperature dependency, i.e. an 
activation energy of 31 Kcal/mole instead of 45 Kcal/mole. This 
is most unusual as one finds, if there are competing reactions, 
that the reaction with the higher energy occurs at the higher 
temperature, and the Arrhenius Plot shows a steeper slope in the 
higher temperature range.
log E
\
! \
x,2 \
K]L
This is found, for example, where a reaction can occur both 
homogeneously and heterogeneously; the homogeneous reaction 
usually has a higher activation energy (corresponding to Kg in 
diagram) and so is favoured at high temperatures, whereas the 
heterogeneous reaction predominates at lower temperatures (^)* 
However, with the system studied, both our results and 
Ktlnster’s have a, lower activation energy in the higher temperature 
range.
The variation of reaction rate, H, -with temperature is 
shown in the Arrhenius equation
£j
ET
K = Ae
where0constant A is temperature independent and E, the energy 
of activation, the temperature dependent tem. Strictly speaking, 
it is the free energy of activation, AG, rather than S, which 
determines the rate of a reaction at a given temperature.
The following equation is more correct.
K = k1T e
AG
ET
where is Boltzmann*s constant and h is Planck’s constant. 
This can be expanded using AG = AH - PAS, into the usual form
AS _ AH
w , lm S ET
l i  = k T e e
where AS is referred to as the entropy of activation and AH the 
heat of reaction.
At constant pressure AH = AS + PAY where E is change in 
internal energy. For a reaction where there is a small change 
in volume this becomes AH = AS and the expression can be written as
AS AS
Tf  , 1 m  E  ~  E TIv = k T e e
h
AS
I P ' .
The term k T a w can be compared with the pre-exponential, 
h
a factor in the Arrhenius Equation. In the transition state
theory, the formation of an activated complex in a gaseous 
reaction involves a loss of freedom of motion and lienee a negative 
change in entropy| if this change is large, the reaction tends to 
he slower than expected at low temperature.
For solutions, however, a rather different situation exists 
because of solute-solvent interactions which impose restrictions 
on motion of some of the solvent molecules. Large negative 
entropies of activation can occur when a reaction involves a 
change from uncharged to charged species. To some extent the 
activated complex is also charged, and this increases solute/ 
solvent interaction with consequent restriction of freedom.
Conversely large positive entropies can arise when a reaction 
involves a change from charged to uncharged molecules.
For solids there is still a lot of conjecture. Galbransen [19] 
first applied the transition state theory to the oxidation of 
metals in the fom
AS __ E
„ . . 1„ Y 2 R ETil = 2 k T T e e
h
where Y is the interatomic distance between diffusional states.
He experimentally obtained the parabolic rate constant K for the
oxidation of iron and copper, and calculated value for entropies
of activation and energies of activation. Later similar data
was obtained for oxidation of Zirconium [20] and for beryllium [21].
A summary is given in table 21. Negative entropies of activation
were taken as indicating a process proceeding via sone ordered
arrangement. This implies, according to Ubbelohde [22], a
selective route for passing from the ground state to the
activated complex. Conversely, a large positive entropy of 
ASactivation in is associated with a process which is not
very selective energetically and the activation energy, E, in
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JJj
the tern - has to aonroach a value for complete 
Q JEtT ■' '• 1
dissociation from any constraints.
J. Moore [23] suggested that selective diffusion occurs 
along grain boundaries. For the oxidation of titanium to TxO^ 
between 35Q-600°C, there is a large.negative entropy of 
activation of -22.8 e.u. For zirconium oxidising to ZrO^ 
between 290-425°C it is similar with AS =-27.3 e.u. These 
are both n-type oxides with anion vacancies, and he suggested 
that the oxidation proceeded by diffusion of oxygen ions via 
anion vacancies, or by oxygen atoms via grain boundaries.
These selective routes are in agreement with a large negative 
entropy of activation. Also he mentioned that the adsorption 
of oxygen, from gas is associated, with an entropy loss of about 
20 e.u. per anion vacancy, and this corroborates his suggested 
mechanism of oxidation.
Cur.reaction rates (see table 21) compare with others 
reporting oxidation of diborides, but these are surprisingly 
higher than Gulbransen’s Bate Constants for Fe, Cu, Zr, Ti, Be. 
Gulbransen’s data for beryllium is particularly interesting 
because the rate constant does not change much (l x 10 )
from 700°C range to 950°C range, but the activation energies 
change considerably fron 8 ,500 cals/mole to 3 0,300. tie does 
not specifically comment on these results, but it nay be said 
that this narked temperature dependency of activation energy is 
"offset" by a similarly large change in entropy of activation, 
-50.3 e.u. to -7.2. The low activation energy at ?0 0°C would 
indicate-a reasonably fast reaction, but this does not occur 
(i.e. the reaction is slowed) because of the large negative 
entropy of activation. The latter can be interpreted as very 
selective diffusion, probably along a grain boundary. At the 
higher temperature, 959°C the entropy of activation is of minor
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TABLE 21.
Author
Compound
Oxidised Teonerature
(°C)
Bate 
Constant (K)
( 2 -4 -1\\g cn sec ;
Energy of
Activation
(cal/nole)
Entropy of 
Activation 
(cal/nole/°C)
Gulbransen 
1943
Fe
Cu
450
169
-143 .3 x 10 ,7
2 .3 x 1G“ 14
22,600
24,900
-3 1 .2
-6 .8
Gulbransen
1949 Zr 425 2 .2 x 1 0 "13 18,200 -2 5 .2
Gulbransen 
•& Andrew 
1950
Ti
Be
350
700
950
1.9 x 10-ft 
1.4 x 10
1 .0 x 10
26,000 
8 ,500 . 
50,300
-18.0 .Kr change -50.3j
- 7 - 2 W i
J. Stringer „. 
I960 1 950 Parabolic „ 1 .0 6 x 10 
Linear r 
0 .8  x 10"°
Not
Calculated
Not
Calculated
Mdnster
1959
TiBn2 700-850950-1100
Hot given
ii i
39,200
22,400
Not
Calculated
This Work n s 2 800
1025
7.4 x 1Q">
7.4 x 10
45,800
31,000
29.0)Change 
9 .0) of
- 20.0
importance and the rate of reaction is mainly governed by the
high energy of activation.
Entropy of activation values have been calculated for our
v 2
work on TiB0 using Gulbransen’s Equation, but eliminating t
by putting Y * 1. Values obtained are &&qqqoq -
^1025 °C = e«^., i.e. a large negative change of -20 e.u.
with increase in temperature. A large negative change would 
be expected and also negative absolute values of entropy. The 
latter are not obtained, probably because of the simplification 
of putting Y =1. (Expected values would be = -1 and
^ £ > 1 Q 2 5 ° C  ="21 e.u.). There is also the assumption that all the
products of reaction are present, which is not true because 
boric oxide volatilises| hence, strictly speaking, such 
calculations are thermodynamically incorrect. However, the 
relative change in entropy of activation will help to explain 
the observed decrease in energy of activation in the higher 
temperature range.
Above 300G°C the boric oxide evaporates at an appreciable 
rate and consequently the protective layer consists principally 
of If the reaction is diffusion controlled and dependent
upon the oxygen diffusing into the boride, it should approach 
the characteristics of the oxidation of titanium metal at this 
temperature. Unfortunately, the oxidation of titanium is still 
a matter of discussion according to Stringer [24]. The metal 
appears to oxidise linearly or parabolically according to 
temperature and length of oxidation. A summary is given in 
Metallurgy of Barer Metals [25] and data varies from Bichardson & 
Grant’s parabolic oxidation between 680-101G°C with an activation 
energy of 47.4 Kcal/mole, to Jenkin’s linear oxidation between 
600-925°C with activation energy of 30.5 Kcal/mole. Also 
Stringer [26] reported titanium, oxidised at 950°C, as passing through
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a slow parabolic stage for a short tine, an intermediate linear, 
then a second parabolic rate and finally tending to linear again 
at very long tines. The times were not specified. Bata for 
the first, slow parabolic stage where rutile grows by 
simultaneous migration of anion vacancies created at the scale/ 
metal interface, and by migration of interstitial oxygen into 
the netal was given as
25,400 6l,800
s ~ BT ~ 2,1
K = 1.007 x 10 e + 320 e
The 25,400 cal/mole representing the activation energy for 
the diffusion of anion vacancies, and 61,800 cal/mole for the 
diffusion of interstitial oxygen in alpha titanium. The inter­
mediate linear rate corresponds to blistering after critical 
thickness of oxide has been reachedj the second parabolic rate 
is reported as
v i ££ 1A-8 2 - 4 - 1K ss l.oo x 10 g cm sec
p
And finally the linear rate constant as
= 0.8 x 10“°g cvrf^sec"1.
According to Stringer, the second parabolic rate, which tends 
to become linear at very long times, indicates that the gaseous 
diffusion of oxygen through the porous oxide scale becomes the.rate 
controlling step. This agrees in part with Jenkins’ conclusions
mentioned in the introduction. Stringer’s parabolic and linear
. -2 -1\
rates can be compared with our?at 1025°C (E = 7*4 x 10 g cm sec )
which is close to his linear rate.
Although the oxidation rate constants are comparable, little 
can be said on these grounds that the oxidation of TiB^ approaches 
that of Ti when B^O^ evaporates at high temperature, (it must be
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remenbered that our changes only by a factor of
1 x 10 cm ^sec  ^ from 800°0 to 1025°C). However, the
large negative change of entropy from low to high temperature
is consistent with the TiBg oxidation becoming dependent on
the diffusion of oxygen through an n-type oxide, i.e. TiO^,
compared with the low temperature region {700-900°C) when it
is probably governed by oxygen having to diffuse through boric
oxide as well as TiQ~. The latter would be more difficult and2
this diffusion would not be particularly selective through
ASliquid boric oxide. In this case the entropy factor ~  is
S ^
small and the energy of activation (- ) is large enough
to approach a value, in the transition stage theory, for the
activated complex to be formed free from any constraints. On
this basis one can summarise the oxidation of TiB9 as a reaction
governed mainly by the Activation Energy factor ( - ) in the
lower temperature (700-900°C) range and by the Entropy factor
(AS ) at higher temperatures (>1000°C). If this is accepted
B 1
the decrease in slope of the log K against ~  above 1000°C is
reasonable.
So far most of the discussion has been on the hypothesis 
that the reaction is governed by the diffusion of oxygen. It 
must be pointed out, however, that only qualitative evidence 
supports this. Quantitative evidence based on marker techniques 
are not conclusive and coefficients of diffusion of the different 
ions or atoms through the oxides are not available.
9QQif°C - 1000 °C
The range between 900 and 1000°C can be regarded as a 
transition stage, and this is represented by the cubic relation 
of oxidation. The cubic relationship arises from increased 
protection of the surface by the oxide layer compared with
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behaviour represented by a parabolic relationship. The extra 
protection probably results from the lower viscosity of the 
boric oxide which, with increasing temperature, flows more 
easily and can be imagined as an efficient ’’sealant11 for any 
cracks on the surface.
Evidence of this low viscosity and ability to flow we re 
given in photo, Fig. 31* Mtlnster also mentioned that the 
boric oxide appeared to flow over his platinum markers. At 
the higher temperatures (above 10Q0°C) this protection is lost 
as the boric oxide evaporates at a significant rate and the 
main barrier then is the TiQg.
Pressure Dependency of Oxidation Bate K.
From Fig. 24 it can be seen that the oxidation of TiB9 at 
the lower temperatures (800°C) is almost independent of the 
pressure. Nith increasing temperature however, a minimum appears 
around 600 mn and the rate now increases at lower pressures; this 
increase becomes more narked as the temperature is increased until, 
at 1050°C, the rate is higher at 200 mm than 760 nm. Because 
of experimental difficulties no measurements were made below 200 mm.
No simple relationship between rate and oxygen pressure could 
be determined from the results obtained. Hence definite evidence 
of a governing solid/gas interface reaction, expected if the rate 
varies with the square root of oxygen pressure, is eliminated.
One therefore considers the process controlled by diffusion 
through the oxide layer. As outlined in the introduction,
7 ,  .
certain high root relationships such as 4 ^2 exP©c'ted
for p-type oxides and n-type oxides where metal excess is due to 
interstitial cations. Experimentally these relationships are 
very difficult to determine, particularly as they are easily 
masked by disturbing effects which are not easily eliminated 
from oxidation measurements. Hence if there was any effect
of TiQ, an n-type oxide where metal excess due to interstitial
cations, and possibly present in the oxidation products of the
TiBg system, it is doubtful if it would be observed. P-type
oxides do not occur and their associated relationship of
P
decrease in oxidation with decrease in 0^ need not be considered.
However, for n-type oxides such as TiO^ and ZrO^ where the metal
excess is due to anion vacancies, the oxidation rate is expected
to be nearly independent of the partial pressure of oxygen.
This is in fact, observed in the low temperature region (800°C)
and, provided the can be regarded as a stoichiometric
oxide, it would imply a diffusion controlled system. Although
diffusion controlled, one cannot say which diffusing species
is rate controllings it could be oxygen diffusing in, or
titanium and boron diffusing out.
For isotherms at 1000°C and higher a very marked pressure
dependency is observed. This can be explained by the increased
rate of volatilisation of the boric oxide with the higher
temperature and reduced pressure, and this volatilisation in
turn helps the oxygen to reach the boride more easily. This
pressure dependency supports the view that the boric oxide is
an effective barrier at the lower temperatures, and it follows
that diffusion through this barrier is the rate controlling step.
The problem is to decide whether it is the diffusion of titanium
or oxygen, separately or jointly, that governs the reaction.
On the marker evidence, though scanty, it seems that the growth
of oxide is inwards, particularly at the higher temperatures,
and this favours the diffusion of oxygen as the slowest and hence
2-
rate controlling step. Also the fact that the 0 ion 
(radius 1.32 2) is larger than the Ti^" ion (radius 0.68 2) 
fits in with this picture, assuming that the diffusion occurs 
ionically. The mechanism of the oxygen diffusion is open to 
even greater conjecture.
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At low temperatures when boric oxide is present in a 
liquid glass form (probably consisting of a network of BO^ 
or Bjmolecules), it is quite possible that oxygen diffuses 
in a molecular fora (Og) rather than ionic (o2- ) .  According 
to J. D. Mackenzie [27] in his book on Modern Aspects of the 
Vitreous State, oxygen can diffuse through liquid silicate 
glasses in two ways: either as dissolved oxygen or network
oxygen. The dissolved oxygen is merely absorbed molecular 
oxygen from the gas phase while network oxygen (or lattice 
oxygen) is oxygen bonded in the silicate network. The latter 
mode of diffusion requires a high energy of diffusion, Q, of 
the order of 70 Keal/nole because it involves the breaking of a 
single oxygen bond to silicon and the subsequent interstitial 
notion of the oxygen ion through voids in the lattice.
Sucov [28] in his paper on the diffusion of oxygen in vitreous 
silica between 929-1219°G justifies this mechanism, and also 
mentions that the activation energy is strongly dependent on 
stoichiometry(non stoichiometry, synonymous with defects, results 
in lower activation energies down to 30 Kcal). On the other hand 
Norton [29] who studied the diffusion of oxygen by a permeability 
technique (i.e. molecular oxygen) between 9S0-1078°C, found that 
the rate of permeation was proportional to the first power of 
the oxygen pressure, and the energy of diffusion was 2? Kcal/mole. 
in this case the molecular oxygen is simply pushed through the 
glass network.
Deciding which of these two mechanisms is most probable 
is difficult. The sizes of the respective species is not much
2- Q
helps the diameter of the 0 ion is 2.6k A and the "narrow” 
diameter of the 0^ molecule is about 2.8 On "activation
energy of diffusion" considerations, the lower molecular form 
is more likely at low temperatures, and hence this node of
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diffusion is quite probable in our boric oxide system.
Although this nay occur through the liquid boric oxide, there
is still the question of how the diffusion occurs through
the TiOg also present.
At the higher temperatures (greater than 1000°C) when the
boric oxide evaporates, the oxygen probably diffuses through
2-
the Ti0o in the usual way, namely as 0 ions via anion vacancies. 
2-
Sucfa 0 ions would also diffuse through any boric oxide present 
according to Sucov's mechanism.
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TiB^ (Powder)
As expected, the extent of oxidation of powders was higher 
than for the compacted samples. Under comparable conditions, the 
powder oxidised to 20-30$ compared with 1 to 2$ for the compacted 
cylinders. From a knowledge of final and initial weight of a 
sample where the oxidation was followed volunetrically, the total 
oxidation could be compared when calculated on a basis of weight 
change and volume of oxygen consumed; always the extent of 
oxidation measured by volume was higher than by weight (of the 
order of 2-6$ which agreed with the weight losses expected 
owing to BgO^ evaporating).
The usual parabolic relationship between 700-900°C does 
not hold for any length of tine and there is a distinct falling 
off of rate with tine; this is Etore pronounced the higher the 
temperature. As rate is directly connected with the plotting 
°f can easily be seen that a false narked reduction
in rate can be due to either Am becoming too snail or area too large.
The weight results obtained on Apparatus I  were parabolic 
until nearly 750°C and then "tailed off". This was presumed to 
be due primarily to boric oxide evaporating at a discernible rate 
and leading to a weight change less than that corresponding to 
the oxide formed. Thus only a narrow temperature range,
650-750°C, could be studied by weight change, as at the lower 
end the reaction was extremely slow.
Some of the powder was also oxidised using apparatus XI 
which measured the oxygen consumed. Errors due to volatilisation 
were thus eliminated (there is no total volume change because 
boric oxide condenses out on the walls). At 700°C the oxidation 
was parabolic for approximately 4 hours, but at higher temperatures 
this relation held for a decreasing length of time; at"800°C it
was about 1 hour and at 900°C, it barely held for 20 minutes.
This "tailing off" is believed to be principally due to 
variations in surface area. By the time 25-30$ of the boride 
has been oxidised, the BgO^ partially cements the particles 
together, and thereby drastically reduces the surface area 
exposed to oxygen. A value of the surface area of the powder 
was obtained initially (via powder photos and Eigden), but there 
is no way of measuring the effective surface area in the presence 
of molten Bn0_.
The photomicrographs, Fig. 34, were helpful in showing this 
variation in surface area. At ?00°C general oxidation occurred 
throughout the sample, while at 900°C a distinct surface layer of 
completely oxidised boride particles developed which sealed off 
the partially oxidised boride within the sintered lump. Thus it 
can be seen that at 900°C the powder oxidises rapidly until the 
perimeter layer forms, which then drastically reduces the 
effective surface area and, in turn, the total oxidation rate. 
Presumably the.rate per unit area still follows a parabolic 
relationship.
The count of 3 phases observed by their different refractive 
index deserves comment. These could be simply due to TiO^ 
dissolved in B^O^ !^ass But this is unlikely bearing in mind the 
very low solubility of Ti0o in B~Q_ (4.8$ at 1200°C) as determined
& j
by Foex [30]. Unfortunately the TiOg ~ ®2^3 sysBeo has not been 
studied and no phase diagrams are available. However, evidence 
of compound formation is given in a paper by Schmid [31] who 
obtained X-ray data for a titanium borate TiB0~ formed by
j
heating B^O^, TiO and Til^ to 900°C.
It was noticed in our photomicrographs that cracks appeared 
in the oxidised particles which were not present in the original; 
this is consistent with stress arising from increase in volume of
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products of oxidation when oxidation has taken place to the extent 
of 25-30$.
The values of activation energy obtained from the powder plots 
must be inaccurate because of a snail temperature range and large 
area variations. Nevertheless, a comparison can be made.
Although determined over a range of only 1'©00C, the value of 56 
Kcal/mole agrees reasonably well, but the volume determination 
giving 26 Kcal/mole over a range of 20G°C is much too low, because 
area error is much larger for the reasons explained above.
An interesting method of correcting the "falling away" from 
parabolic law, by allowing for change in surface area, is given 
in a paper by Jorgensen et al [32]. They studied the oxidation 
of SiC powder between 900-1600°C on powders of mesh size varying 
from 100 to 400, and allowed for change in surface area by expressing 
the fraction of completion of oxidation as a function of volumes 
of spheres before and after oxidation (particles assumed to be 
spherical). The theory is good provided the particles oxidise 
uniformly and without sintering or sealing? if the latter occurs 
it is questionable whether the fraction oxidised is general
throughout the powder and can be related to the volumes of the 
particles. The photomicrographs of the TiB^ system show that 
its application here is unwarranted.
-143-
ZrBp (Compacted)
The oxidation of follows a parabolic relationship
throughout the temperature rang© 700-1050°C. This is in
Contrast to the case of TiB^ which, as already described, has
an intermediate cubic stage. The parabolic relationship is
in agreement with the observations of ICuriakose and Margrave [33]
and Berkowitz-Mattuck [34]. However, there are differences in
reaction rates as can be seen in Table 22. Our temperature
range is lower than either, particularly Berkowitz-Mattuck who
started at 1150°C, but there is reasonable agreement between
our results and those of Xhriakose and Margrave. Berkowitz-
2 -4 -1Mattuck’s rates differ considerably, in fact 10 g cm sec 
less when 100°C higher.
It is interesting to note the agreement of our results, 
which were obtained volumetrically and gravimetrically, and 
those of Xuriakose and Margrave, who followed the oxidation 
gravimetrically. By comparison with the case of TiQg/BgO^, 
it would seem that the volatility of boric oxide in the ZrO^/BgO^ 
system is much less and is not significant below 1050°C«
This is in agreement with Berkowitz-Mattuck1s calculations on 
the evaporation of boric oxide. She stated that, above 1367°C,
vaporises as quickly as it was formed, and below 1057°C 
the evaporation was negligible over 2 hours (the length of her 
oxidation experiments). Admittedly her calculations are based 
on the assumption that the rate of vaporisation at 760 ran is 
■— •q i the known equilibrium rate of vaporisation of B^O^ -*-n a 
vacuum, but her theory does give a quantitative way of judging
the loss of Bn0_.2 3
Nith the oxidation of ZrB^ , one does not have the problem 
of explaining a decrease in energy of activation with temperature 
as occurred with the oxidation of TxBg. In fact there is not
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Author
Kuriakose 
Margrave.
Berkowitz-
Mattuck
This Work
TABLE 22.
Compound Temperature Bat$| Christ ajjit (K) Energy of
Oxidised (°C) (g^  “cm sec ) Activation
(cal/nole)
945
1 ,256
6.114 x 10 
3.371 x 10“
-6 ,000- 1,000
ZrA. 1150
1327
3.8 x 10 
7.6 x
-9
-8 25?000- 6 ,000
77?000- 5,000
ZrIL 800
1025
1.86 x 10“J
9.0 x 10
28,000- 5,000
a break in the Arrhenius Plot until 1127°C, which was observed 
by Berkowitz-Mattuck in her very high temperature work, and then 
the energy of activation rises markedly to 77 Kcal/molej this 
coincides with the B^Q^ vaporising as fast as it is formed. Our 
energy of activation of 28 - 5 Kcal/mole in the range 700-1030°C 
is in reasonable agreement with the others at 25 - 6 Xcal/nole 
u and 19.8 - 1.0 Kcal/mole. It could be mentioned that the 
oxidation below 850°C is very slow and we experienced considerable 
difficulty in following the reaction - hence a large scatter of 
results in this region.
Pressure Dependency of Oxidation Bate. K.
As can be seen from Fig. 42, the oxidation of ZrBg follows 
a similar, but less pronounced, pattern as TiBg at 1000°C.
No simple relationship between rate and oxygen pressure could 
be determined. This contrasts with Kuriakose and Margrave’s 
reporting that the rate is directly proportional to the oxygen 
partial pressure between 102 and 744 mm over the temperature range 
945-1256°C. However, it must be pointed out that they only 
varied the partial pressure of oxygen (total pressure always 1 
atmosphere) while we varied the total pressure (i.e. the 
pressure) from 760 to 200 mm. The vapour pressure of Bo0- at 
1057°C is small (l.4 x 10“ on) compared with our total pressure, 
but this can still represent an appreciable rate of evaporation.
It is reasonable to suppose that reduction of total pressure down 
to 200 mm would definitely assist evaporation, while reduction to
•“3 /as low as 1.4 x 10 mm (i.e. the saturated vapour pressure) of 
course would not. The increase in rate we observed at 200 on 
pressure compared with 400 m  is in accordance with this reasoning.
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As described in the previous section on TiB^ , a parabolic 
relationship indicated a diffusion controlled process, and the 
observed pressure dependency points to the boric oxide being a 
significant barrier when present. Deciding which is the rate 
controlling species in the diffusion process is difficult, but a
few relevant points can be mentioned. At very high temperatures
(l532°C), Berkowitz-Mattuck obtained photomicrographs showing 
surface cracks the same as in the unoxidised specimen.
Therefore, in this temperature region, the oxide grows by 
inward diffusion of oxygen, probably as oxygen ions via anion 
vacancies in the ZrO^ . In the paper it is suggested that the 
high activation energy, 77 - 5 Kcal/mole, could be associated 
either with the sum of the energy of formation of a vacancy plus 
that for motion of a vacancy, or with the energy of formation 
of BG2 (g) from B ^  (l) and 02 (g).
At lower temperatures (less than 1056°C), the picture is
not so clear. ‘The linear pressure dependency observed by
Kuriakose and Margrave, and by Berkowitz-Mattuck precludes a 
simple diffusion mechanism via anion vacancies in this temperature 
range. However, bearing in mind the grey, glassy surface of 
the oxidised samples and our observed pressure dependency, it 
is reasonable to suggest that the BgO^/ZrOg system presents a 
similar mechanism to the case of BgO^/TiO^. In the latter,
it was suggested that the rate controlling diffusing species was 
molecular oxygen in the low temperature range and this quite 
possibly occurs for B^O^/ZrOg - this would account for the low 
activation energy of about 25 Kcal/mole below 1100°C.
- 141-
S E C T I O N  I V
EEPEdENCES
-1%8~
[I] Aronsson et al, ’’Borides, Silicides and Phosphides”,
Methuen, London 1965*
£23 Greenwood, Parish & Thorton, Quarterly Reviews 1963? J5, 441. 
£3] Thompson, E. I. C. Lecture Series 1965» 5. > 34.
[4] Lipscombe & Britton, J.Phys.Chem I960, 23, 275*
[5] Muetterties, Z. Naturforsch 1957, 126, 411.
[6] Samsonov, ’’Refractory Transition Metal Compounds”,
Academic Press, London 1964, 6.
C7] Furman, ’’Standard Methods of Chemical Analysis”,
Van Nostrand, London 1962, Vol.l.
[8] Cabrera & Mott, Rep.Progr.Phys. 1948-49? 12, 163=
C9] Evans, ’’The Corrosion & Oxidation of Metals”,
Edward Arnold, London I960, 829*
[10] Xubaschewski & Hopkins, "Oxidation of Metals & Alloys", 
Butterworths, London 1962*
[II] McQuillan & McQuillan, "Metallurgy of the Rarer Metals",
Butterworths, London 1957» Vol.4, 402^412,
[12] As for [10], 50.
[13] Lustnen & Mehl, Trans.Arner. Inst.Min (Metal) Engrs,
1941, 143, 246.
[14] Miinster, Zeitschaft Fur Xlektrocheraie, 1959, 6*5, 807-18.
[15] Funke & Yudkovskii, Russian Journal of Phys.Chem, 1964,
28 No.5, 695*
[16] Xuriakose & Margrave, J. Electrochen.Soc., July 1964, 827*
[17] Xenrick. J.An,Chen.Soc. 1940, 62, 2838.
[18] Rigden. Permeability Apparatus. Instruction Sheet by
Griffin & George Ltd,
-149-
Gulbransen, J. Slectrochem.Soc. 1943? 301.
Ibid. Metal Transactions 1949? 185? 518.
Ibid. J. Slectrochem.Soc. 1950, 92, 383*
Ubbelohde, Discussions of Faraday Soc., 1957? 2^ ? 128. 
Moore, J. Electrochen.Soc. 1953? 311.
Stringer, J. of Less Common Metals, 1964, Vol.8. 758-765. 
As for [ll]
Stringer, Acta Metallurgies, I960, Vol. 8., 758-765*
Mackenzie, "Modern As£?ects of the Vitreous State", 
Butterworths, London 1962, Part 2, 50-68.
Sucov, J.An.Ceram. Soc., Jan. 1963? 14.
Norton, Nature, 1961, 191, 70.
Foex, Annals de Chenie, Jan-June 1939? JL1, 384.
Schmid, Acta.Cryst. 1964, 17, 1080,
Jorgensen et al, J.Aner. Ceram.Soc., Dec. 1959? 613.
Suriakose & Margrave, J. Slectrochem.Soc., July 1964, 827.
Berkowitz-Mattuck, J.Electrochen.Soc., Sept,1966, 113*
